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Executive summary

Among the challenges for DFT engineers is how to set a target metric for
ATPG and how to choose the best set of patterns. Traditional coverage
targets based on the number of faults detected doesn’t consider the likeli-
hood of one fault occurring compared to another. Tessent developed total
critical area ATPG technology that enables the sorting and ordering of
patterns based on their likelihood to detect defects. Users can create a
pattern set for multiple fault models in one run, reducing the overall pat-
tern size significantly.
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Among the persistent challenges for DFT engineers
include:

* How to set a target metric for automatic test pattern
generation (ATPG)

* How to choose the best set of patterns targeting dif-
ferent faults to get the best results

DFT teams can spend several years establishing ATPG
targets—which can be a coverage goal, pattern size, or
some other metric—just for stuck-at and transition fault
models. Targets need to be adjusted for a new technol-
ogy node when new important fault models are intro-
duced. How do companies decide what targets to set
for them? If you want to apply a sample of patterns
aimed at a new fault model, then which are the best
patterns to try? Using newer models makes setting fault
model target metrics even more complicated. These are
realistic and common issues faced today. ATPG tool
users need an easy method to determine the best mix
of patterns targeting specific faults and which samples
of patterns to experiment with.

New methods of scan testing have been introduced to
the industry in recent years with unique, production
defect detections. Fortunately, there is an approach to
measuring pattern value that provides a consistent,
"apples to apples” assessment of patterns detecting
defects based on the likelihood the physical defects
occurring. The approach is to use the total critical area
(TCA) associated with faults detected by a pattern.

TCA provides a common metric to assess a pattern’s
impact on DPM, which can be used to sort or order
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patterns to achieve the lowest DPM for a given number
of patterns. As a result, you can mix in patterns target-
ing new fault models for a more effective pattern set,
even with the same number of patterns as your original
pattern set. You can select or sort the most effective
patterns from your entire pattern set based on their
ability to detect physical defects. Pattern selection and
ordering based on TCA provides a faster coverage ramp,
based on the likelihood to detect physical defects com-
pared to traditional approaches, as shown in figure 1.

Figure 1: TCA-weighted pattern ordering (green, dashed line) speeds up
coverage ramp compared to traditional approaches (red).



Scan ATPG has advanced over the years with higher
quality patterns, embedded compression to greatly
reduce that pattern size, and new fault models to achieve
low DPM.

High-quality test pattern sets target new fault models
and can dramatically improve DPM by providing unique
production defect detection (W. Howell, 2018). This
section describes some of these newer defect-oriented
fault models, including cell-internal/cell-aware, intercon-
nect, and inter-cell bridge. Cell-internal/cell-aware test
has wide industry usage and a proven record of improves
detection of unique defects.
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The other fault models are either growing in usage or are
new to the industry. Because of their effectiveness in
very-low DPM applications, these fault models are
referred to as automotive-grade ATPG.

This fault model targets physical defects that can occur
within the technology standard cells (Hapke F., 2014).
The cell library physical design is characterized to pro-
duce a user-defined fault model (UDFM) used by ATPG.
The table below shows the defects that are modeled with
cell-internal faults. In addition to the detection condition
data, the cell-internal defects also contain information
about whether a defect behaves like a small delay and if
it should be considered for timing-aware pattern
generation.

Port open defect
ports

A disconnected port, such as D1, to analyze the effect of cell-external disconnects to cell

Port

Port bridge defect

A bridge between a port and VSS, VDD, or any other port of the cell

Bridge defect

parasitic capacitors in the SPICE netlist

Any cell-internal bridge defect, such as bridges between adjacent objects in the same layer
or different layers. In the case of non-layout-aware runs, bridges are calculated based on

Open defect

increasing their resistance values

Any cell-internal open defect, such as an open in poly, metal, diffusion, or vias. In the
extracted SPICE netlist, the tool matches these defects to existing parasitic resistors by

Ton defect Any cell-internal transistor defect that switches a transistor partially on with a specific
resistive value
Toff defect Any cell-internal defect that switches a transistor partially off with a specific resistive value
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Interconnect fault models are created using the design
layout to determine where physical defects can occur.

Interconnect bridge Any bridge defect between adjacent objects of two nets in the
same layer or different layers. The figure shows two possible
interconnect bridges between Net A and Net B, highlighted as
red shaded rectangles.

Interconnect open Any open defect of a net, such as an open in metal1 or metal2.
The figure shows two possible open defects between standard
cells.

This fault model is sometimes referred to as a “cell
neighborhood” fault.

Inter-cell bridge Cell neighborhood defects are chip-dependent bridge defects located at
the interface between one instance of a standard cell and a neighboring
cell. Such defects can occur between cell-internal nets (layers) not
directly accessible from the cell interconnect nets.

NOTE: The Tessent Shell User's Manual includes an
automotive reference flow and corresponding testcase
that describes the steps to generate any of these auto-
motive-grade ATPG patterns. The testcase is included in
the Tessent software based on an open-source design.
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The test coverage targets for static and dynamic pat-
terns targeting stuck-at and transition fault models,
respectively, are usually based on the percent of faults
detected. These targets vary by company and it often
takes years of production fail data to decide on appro-
priate goals. When an additional fault model is deter-
mined to be necessary, the target could be completely
different than test coverage based on the full fault list.

For example, consider targeting a test coverage for all
potential bridge faults—this could be a huge list. You
might achieve 99% detection of all bridge faults but
miss hundreds of the most likely bridges. To reduce
DPM, it is more effective to choose the subset of bridges
that is most likely to occur.

Cell-aware test patterns add significant unique detec-
tions beyond stuck-at and transition patterns. The value
of cell-aware test is clear but the target is often difficult
to decide on. A cell-aware test coverage report is based
on cell-internal defects. Even though it has a higher
defect detection rate seen in silicon compared to

Critical area (CA) refers to the area in a design layout
that determines the likelihood that a specific physical
defect can cause a failure in the design (Simon Favre,
2019). It is the area in which the center of a spot defect
must fall to cause incorrect behavior. Critical area is
normalized to the technology length, which refers to
the width of metal1 for a particular technology. We use
“technology square” (ts) units when calculating critical
area.

CA provides a more realistic metric to assess a pattern’s
ability to detect a physical defect and defines a fault-
specific weight. TCA is the sum of all individual critical
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stuck-at and transition, the coverage metric is typically
lower than stuck or transition. Thus, there is a problem
of how to establish a meaningful target for cell-aware
coverage.

The challenge of selecting patterns for production test
is complicated by the inconsistent targets for various
fault models. Patterns targeting stuck-at and transition
faults traditionally target the number of faults detected.
Bridge faults could be weighted based on parasitic
capacitance, to create a smaller list than simply all
potential bridges, but it would not be consistent with
targets for other fault models.

We propose a new common metric for grading a pat-
tern’s ability to detect defects for any fault model by
using total critical area (TCA).

areas of a short between two connectors, or an open in
a connection, weighted by the probability of occurrence
of that spot size. Instead of just counting faults, TCA
coverage takes the likelihood of defects into account
and provides a consistent metric for all fault models.

Figure 2 shows how the critical area is calculated for a
bridge defect. The critical area for each segment where
the two nets are in proximity is calculated and summed
for a TCA. Note that the CA increases as the nets get
closer and as the parallel run length increases. TCA can
give the user a quick understanding of how a pattern
set based on a new fault model might compare to the
current pattern sets.
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Figure 2: Total critical area (TCA) calculation for a bridge between two nets.
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The TCA values are calculated using physical layout
information and stored in the UDFM file. A layer-based
TCA is provided for each UDFM defect type so we can
calculate a potential 100% TCA for the cell-internal
(cell-aware) faults and a potential for 100% TCA detec-
tion of faults caused by interconnect bridges. Tessent
retrieves the layout information from the Layout
Database (LDB) generated and used by the Tessent
Diagnosis tool. The LDB is created using the design LEF/
DEF and used for bridge, open, and inter-cell TCA
calculations.
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A separate UDFM file is produced for each defect type
(cell-internal, bridge, open, cell-neighborhood), using
the flow shown in figure 3. Tessent defect site extrac-
tion calculates the TCA values for interconnect bridges,
opens, and vias. Tessent CellModelGen calculates the
TCA values for all cell-internal and cell-neighborhood
defects.

Figure 3: The flow for creating defect-oriented fault models and patterns using physical data for critical area calculations.
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Stuck-at and transition faults have been the baseline
fault models for many companies. The stuck-at and
transition fault models are represented as “port faults”
in the cell-aware fault model. Just like stuck-at and
transition fault models, every library cell port will have
two faults associated with it. As a result, all stuck-at
faults are included as a subset of the cell-aware static
fault model. Similarly, all transition faults are included
as port faults in the dynamic cell-aware fault model.

There isn't a critical area associated with port faults.
However, any traditional stuck-at or transition fault
pattern can be graded for its critical area-weighted
impact on DPM using the cell-internal/cell-aware UDFM
critical area simulations. Thus, traditional stuck-at and
transition faults are a subset of cell-aware tests, and
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existing stuck-at and transition patterns can be graded
for their critical area-weighted coverage.

Timing-aware ATPG uses SDF design information to
target and detects small delay defects along long paths
during pattern generation. While timing-aware weight-
ing does not correlate directly with TCA weighting,
timing-aware patterns are still an important pattern
type, especially when combined with cell-aware test, as
illustrated in figure 4. This type of pattern set can target
any faults based on the most critical paths, and grade
faults based on the percent of the longest path tested,
on a fault by fault basis. So it has its own built-in pat-
tern sorting. It is useful to try a sample of timing-aware
ATPG and determine the mix useful for your production
environment.

Figure 4: Timing-aware ATPG combined with cell-aware test uses SDF to test for small delays.
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DFT engineers need a way to compare patterns for
multiple fault models and select the most effective of

each using a consistent and realistic metric. The order_

patterns command in Tessent can read in multiple
patterns created for various fault models and sort them
from the highest TCA to lowest. The only restriction is
that fault models for static and dynamic patterns must
be sorted separately.

Figure 5 shows how to load various fault models to
optimize your pattern set. It can be used to simulate
and calculate the TCA for an existing pattern set or to
create a new pattern set from scratch. Reports can be
generated to show the TCA included during ATPG, sum-
mary coverage, fault list, and a layer-based TCA sum-
mary. Appendix A shows examples of these reports.

Once you create UDFM files with TCA data for the vari-
ous fault models, you can grade and sort any existing
pattern set based on TCA. This is true even for patterns
created without any TCA considerations, such as stuck-
at patterns. The steps to sort existing patterns based on
TCA are:

1. Load the UDFM files for the various fault models that
you want to use.

2. Load the existing pattern sets.
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3. Simulate the patterns using TCA from UDFMs.
4. Sort the patterns.

A small pattern set might result in a similar sorting
based on fault count and based on TCA because a small
set can have a big variation in the number of faults
detected between different patterns. So, if pattern 1
detects 2000 faults and pattern 2 detects 1000 faults,
then the TCA is likely higher for pattern 1 since there
are so many more faults. However, if there is a large
pattern set then we are more likely to see patterns with
similar numbers of faults detected and a bigger differ-
ence when sorting by TCA.

TCA sorting is also useful for selecting a sample of addi-
tional new patterns to try in production. When consider-
ing a new pattern for a new fault model, you can find
the likely most effective patterns using TCA sorting.
Then you can choose just a small sample of the highest
TCA patterns to apply. ATPG commands used to sort
existing pattern sets based on TCA are shown in

figure 6.

Figure 6: ATPG commands to sort based on TCA

Figure 5: The separate UDFM files can be read in to order and optimize the combined patterns based on TCA.
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To reduce DPM, it is more efficient to run ATPG with
multiple fault models than to sequentially target pat-
terns, as is the common practice. Results show 10-40%
pattern size reduction when targeting the UDFM TCA
fault models together. You just needs to read in the
UDFM fault models before ATPG.

If you cannot use the full set of patterns when optimiz-
ing an existing pattern set based on TCA or creating a
new pattern set, then you need to decide on the relative
value of static vs. dynamic TCA. You do not need to
work out the value of bridge fault detection compared
to stuck-at or other fault models.

Critical area-weighted sorting can order them for you.
Similarly, timing-aware ATPG, especially combined with
cell-aware test, is shown to have important unique

Figure 7: Curve showing the benefits of sorting patterns.
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detections and might be a consideration for production
test, but timing-aware weighting doesn’t correlate
directly with TCA weighting.

The Tessent order_pattern command can have a sig-
nificant impact on sorting the patterns by likelihood to
detect physical defects. Figure 7 shows ATPG results for
three UDFM fault models in one ATPG run. The initial
ATPG run is shown in the dark curve. After one order_
pattern sorting of that pattern we see a much-
improved curve in yellow.

You can optimize the curve even more by using the
order_pattern command to perform multiple consecu-
tive ordering analyses. The green curve shows “order_
pattern 3". Three passes is usually good enough to get
near-optimal results.
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Critical area-weighted pattern selection is a new
method of measuring the quality of and optimizing test
patterns for various fault models. This TCA coverage is a
significantly better measure for the quality of the
applied test patterns than counting just the number of
faults or defects. TCA-weighted ATPG represents a
major step forward in ATPG for high-quality test and
provides a consistent metric to select or optimize pat-
terns for the best DPM in the shortest test time.

The suggested process for generating high-quality test
and selecting or sorting patterns based on critical area
is included in the Tessent Shell User's Manual as a
description and corresponding open-source testcase in
the Tessent software.
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Appendix A: critical area reporting

There are multiple reports available for viewing total
critical area. The main command to activate the report-
ing is “set_critical_area_options -reporting ON".
The calculations are layout-based so the TCA for stuck-
at patterns or any other fault model can be normalized
to a total of 100% for that fault model.

As shown below, if critical area reporting is on then you
get a column during ATPG with the normalized TCA%
similar to the test coverage % reported in column 2.
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Each fault has an associated TCA value which is
included in the fault reporting.

Another useful report is produced with report_sta-
tistics to show the TCA% similar to test coverage
and the TCA value similar to the fault counts.
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The layer-based fault model TCA value and the normal-
ized TCA% for that fault model can be reported with the
report_udfm_statistics command. This gives you a view
of the relative importance of each fault model related to
TCA-weighted likelihood of being impacted by defects.
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Siemens Digital Industries Software is driving
transformation to enable a digital enterprise where
engineering, manufacturing and electronics design
meet tomorrow. Our solutions help companies of all
sizes create and leverage digital twins that provide
organizations with new insights, opportunities and
levels of automation to drive innovation. For more
information on Siemens Digital Industries Software
products and services, visit siemens.com/software
or follow us on LinkedIn, Twitter, Facebook and
Instagram. Siemens Digital Industries Software —
Where today meets tomorrow.
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