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EFFICIENT INTEGRATED CIRCUIT SIMULATION AND TESTING

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application No. 62/686,744, filed June 19, 2019, entitled "EFFICIENT INTEGRATED
CIRCUIT SIMULATION AND TESTING", the contents of which are all incorporated

herein by reference in their entirety.

BACKGROUND

[0002] The invention relates to the field of electronic design tools (EDAs) for integrated

circuit (IC) design testing.

[0003] Integrated circuits may include analog and digital electronic circuits on a flat
semiconductor substrate, such as a silicon (Si) wafer. Microscopic transistors are printed
onto the substrate using photolithography techniques to produce complex circuits of billions
of transistors in a very small area, making modern electronic circuit design using ICs both
low cost and high performance. ICs are produced by assembly lines of factories, termed
“foundries”, that have commoditized the production of 1Cs, such as complementary metal-
oxide-semiconductor (CMOS) ICs. Digital ICs contain billions of transistors arranged in
functional and/or logical units on the wafer, and are packaged in a metal, plastic, glass,

ceramic casing, and/or the like.

[0004] ICs are tested during production against powet/performance specifications, such
as by using wafer tests, package tests, circuit tests, end-user device operational tests, and/or
the like. For example, wafer testing may determine which ICs do not meet
power/performance specifications on each wafer tested, and the underperforming ICs may
be discarded. As another example, package/circuit/device testing may test the product
operation prior to end-user use, and underperforming products/batches be discarded. As a
further example, marketing, warranty, and maintenance statistics may reflect on the
compliance between the requirements, specifications, design, and testing during product

development. Each of these types of tests may produce lists of underperforming products
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that may be analyzed to improve the design of the next generation of products and increase

the production yield.

[0005] Yield is a common metric in semiconductor manufacturing and test. It measures
the percentage of ICs in a finished wafer or packaged batch of ICs that pass all tests and
function properly. ICs that do not meet the power/performance specifications impact the

yield, since they may eventually be discarded.

[0006] The foregoing examples of the related art and limitations related therewith are
intended to be illustrative and not exclusive. Other limitations of the related art will become
apparent to those of skill in the art upon a reading of the specification and a study of the

figures.

SUMMARY

[0007] The following embodiments and aspects thereof are described and illustrated in
conjunction with systems, tools and methods which are meant to be exemplary and

illustrative, not limiting in scope.

[0008] One embodiment provides a method comprising using at least one hardware
processor for: running a Monte Carlo simulation of possible integrated circuit (IC) process
variations of each of a plurality of IC cell types, wherein each of the plurality of IC cell
types is defined by multiple specific transistors and multiple specific interconnects; based
on the results of the Monte Carlo simulation, creating a library of IC cell types and their
corresponding behavioral values for each of the possible IC process variations, and storing
the library in a non-transient memory; receiving an IC design embodied as a digital file;
correlating the received IC design with the library; and predicting a frequency distribution

and a power distribution of ICs manufactured according to the IC design.

[0009] Another embodiment provides a method comprising using at least one hardware
processor for: running a Monte Carlo simulation of possible integrated circuit (IC) process
variations of each of a plurality of IC cell types, wherein each of the plurality of 1C cell
types is defined by multiple specific transistors and multiple specific interconnects; based
on the results of the Monte Carlo simulation, creating a library of IC cell types and their

corresponding behavioral values for each of the possible IC process variations, and storing
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the library in a non-transient memory; receiving an IC design embodied as a digital file;
applying a path selection algorithm to the IC design, wherein the applying comprises:
retrieving, from the library, behavioral values that pertain to cell types that exist in the 1C
design. In embodiments, the method further comprises running an electronic circuit
simulation of possible IC process variations of paths in the IC design, based on the
behavioral values retrieved from the library, to produce a ranked list of critical paths, out of
the paths in the IC design and/or running an electronic circuit simulation of the IC design
to identify possible IC process variations, based on the behavioral values retrieved from the
library. In embodiments, the method further comprises identifying a ranked list of critical
paths, out of the paths in the IC design, based on the behavioral values retrieved from the
library. In embodiments, the method further comprises predicting a frequency distribution
and/or a power distribution of ICs manufactured according to the IC design, based on the

paths in the IC design.

[0010] In some embodiments, the behavioral values are values that affect at least one
operational parameter of an IC manufactured based on the 1C design, wherein the at least
one operational parameter is selected from the group consisting of: voltage, current, delay,

and frequency.

[0011] In some embodiments, the library of IC cell types comprises an operational model
for each IC cell type. In some embodiments, the operational model for each IC cell type
comprises aging degradation data. In some embodiments, the operational model for each IC

cell type comprises a Static Timing Analysis (STA) model.

[0012] In some embodiments, the electronic circuit simulation is performed using SPICE

(Simulation Program with Integrated Circuit Emphasis).

[0013] In some embodiments, the method further comprises: receiving Post-Si data,
derived from ICs manufactured according to the IC design; and adjusting the stored library

based on the received data.

[0014] In some embodiments, the method further comprises: receiving an on-chip
measurement from ICs manufactured according to the IC design; using the on-chip
measurement as an input to an estimator, the Post-Si data being providing as an output from

the estimator.
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[0015] In some embodiments, the Post-Si data is derived from one or more on-chip

SENSOors.

[0016] In some embodiments, the one or more on-chip sensors comprise at least one of:
a timing-margin sensor; a delay sensor; a leakage sensor; a voltage sensor; and a thermal

SEnsor.

[0017] In some embodiments, the method further comprises: manufacturing ICs
according to the IC design; and setting one or more operational parameters of the

manufactured ICs based on the stored library.

[0018] In some embodiments, the method further comprises: setting one or more
manufacturing parameters based on the stored library; and manufacturing ICs according to

the IC design and the manufacturing parameters.

[0019] Another embodiment provides a computer program product comprising a non-
transitory computer-readable storage medium having program code embodied therewith,
the program code executable by at least one hardware processor to perform the actions of

any one of the preceding embodiments.

[0020] A further embodiment provides a system comprising: (a) a non-transitory
computer-readable storage medium having program code embodied therewith, the program
code executable by at least one hardware processor to perform the actions of any one of the
preceding embodiments; and (b) at least one hardware processor configured to execute the

program code.

[0021]  In addition to the exemplary aspects and embodiments described above, further
aspects and embodiments will become apparent by reference to the figures and by study of

the following detailed description.

BRIEF DESCRIPTION OF THE FIGURES

[0022] Exemplary embodiments are illustrated in referenced figures. Dimensions of
components and features shown in the figures are generally chosen for convenience and

clarity of presentation and are not necessarily shown to scale. The figures are listed below.

[0023] Fig. 1 shows a block diagram of a system, in accordance with some embodiments;
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[0024] Fig. 2 shows a block diagram of a library sensitivity tool, in accordance with some

embodiments;

[0025] Fig. 3 shows a frequency histogram, in accordance with some embodiments;
[0026] Fig. 4 shows another frequency histogram, in accordance with some embodiments;
[0027] Fig. 5 shows a power histogram, in accordance with some embodiments;

[0028] Fig. 6 shows a further frequency histogram, in accordance with some

embodiments; and

[0029] Fig. 7 shows a margin map of a die, in accordance with some embodiments.

DETAILED DESCRIPTION

[0030] Disclosed herein are devices, systems, computer program products, and methods
for predicting, for example, the frequency and/or power distribution of a manufactured
(Post-Si) logic integrated circuit (IC). Disclosed techniques may predict the logic paths
within the IC that will limit its frequency, i.e. Critical Paths (CP). The prediction is done at
the design stage (Pre-Si) for each Si-manufacturing point that is defined by the Si-
manufacturing distribution. The techniques herein allow to predict, analyze, and determine
the maximum-frequency (frequency binning) and power distribution (power binning) of a
manufactured IC based on a given Si-manufacturing space. The techniques use Post-Si data
as a feedback to improve its future analysis and prediction processes. The improvement
impacts the quality (for example, in terms of yield) and time-to-market (TTM) of the current
manufactured IC and future designs (of either the same version or new designs). The
embodiment that is illustrated (as a system block diagram) in Figure 1 may be composed of

one or more of the following five parts:
[0031] 1.  An Electronic Design Automation (EDA) tool-set 100.
[0032] 1.1. Lib-Sens: Library-Sensitivity explorer tool 110.

[0033] 1.2. PSA: Path-Sensitivity-Analysis tool 120.
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[0034] 1.3. Production-View: Silicon production view at design: Yield-
power/performance analysis tool, to reach decisions to reduce power/area, increase

performance and/or expedite time to tape-out.
[0035] 2.  Sensors/Agents 210 that are an electrical circuit implemented on the die (IC).

[0036] 3. Machine learning (ML) tools 130, 230 that are used to build
Estimators/Functions that are used Pre-Si 101 and Post-Si 201 to estimate CP delays and

power consumption of an IC using the readout from the Agents 210 as their argument.

[0037] 4. Feedback from Post-Si 200 that is used to improve the Pre-Si prediction and

analysis processes.

[0038] 5.  Post-Si design view (not shown), in order to generate parametric data only
available at the IC design stage and re-recreate the decisions for power/performance binning

reached at design stage.

[0039] EDA tools —termed “Lib Sense” 110

[0040] The Library sensitivity tool (Lib Sense) 110 is illustrated (as a block diagram) in

Figure 2. The tool inputs are:
[0041] 1.  Product operating points 310, i.e. voltages & temperatures.

[0042] 2. A library 320 of cells, foundation intellectual property cells, like standard
cells and memories, including the netlist-data and Lay Out (LO) data for each of the cells

in the library.

[0043] 3.  Process technology models 330 (including aging degradation data) of a
certain process-technology that is characterized by the device types that are manufactured

using the technology (i.e., process, fab, etc.). For example:

[0044] 3.1. SVT-type: N or P devices manufactured with standard threshold
voltage.
[0045] 3.2. LVT-type: N or P devices manufactured with low threshold voltage.
[0046] 3.3 ULVT-type: N or P devices manufactured with ultra-low threshold
voltage.
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[0047] The Lib Sense tool 110 operates a circuit-simulation engine/tool 150 (as shown in
Figure 1) to generate a look-up table containing the delay and leakage current for each cell
in the library. The leakage current is measured vs. the cell different logic states determined
by the logic values of its inputs. The delay is characterized per arc, i.e., delay from input [i]
to the output. The tool 110 generates a stimulus for each of the cell input pins such that the

input [i] is triggering a transition (fall or rise) at the cell output pin.

[0048] To represent the cell-delay & cell-leakage vs. the Si-manufacturing space and
input slope, the tool 110 operates circuit-simulation engine/tool 150 in a Monte-Carlo mode
to characterize the cell per each Monte-Carlo point (MC-point). Using the MC data, the tool
build a de-rate look-up table for each cell. The de-rate data is generated by factorization of
each MC-data point with the data of a reference point. The reference point may represent
the central manufacturing point, nominal operation voltage, and nominal operational
temperature. The reference point may represent other manufacturing points for better
accuracy at the manufacturing point of interest. Following is an example of a delay de-rate
look-up table generated by the tool for a certain cell per a certain voltage and temperature.
The example shows the de-rate values of one cell-arc (rise of a4 input to rising of output z)
vs. a few MC points. This data is the data-base for the PSA and “Silicon production view at

design” tools.

[0049]

MO cutpin inpin | frams derate
4107 z ad Y 1R
4243 z ast R 5 TOTI4TR
4441 ¥ ad R 5 110827
4351 z ad ) 1048288
4828 z ad R 5 107829
4771 T ad oy {3 931464
4831 ¥ a4 3y GU28265

-1 ¥ ad iy SLURGRYT
-2 2 a4 3y LOTTIO43

Table 1: De-rate table example
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[0050] The look-up table data may use one or more conversions factors to increase the
accuracy of other scenarios, such as different load (FO) or different input slope.
Additionally or alternatively, the look-up table may include de-rate factors that represent

aging-degradation.

[0051] EDA tools — PSA 120

[0052] The objective of the PSA 120 is to identify Critical-Paths (CP) of an IC over the
Si-manufacturing space. These paths will determine the die frequencies at each Si-
manufacturing point. The tool generates a list of CPs that may determine the frequency over
Si-manufacturing points. Referring to Figure 3, there is shown a frequency histogram in
accordance with an example, with the line plot showing the frequency for each bin and the

bars representing the size of the bins.
[0053]
[0054] The inputs for the PSA 120 are:

[0055] 1. A list of candidate paths generated by a Static-Timing-Analysis (STA)
process/EDA-tool and or like. Each path is described by a list of delay-arcs corresponds to

a certain logic gate delay and/or Inter-Connect RC-delay.

[0056] 2.  Alist of factorized reference arcs-delay generated by the Lib-Sense tool 110
(the de-rate table — Figure 1). The list includes the delay distribution of each arc-delay in a
certain standard cell over 500 MC points, a set of operating voltages, and a set of operational

temperatures.

[0057] 3. Process distribution data representing the Si-manufacturing-space.
[0058] PSA process

[0059] Part A: Identify the CPs set:

[0060] 1.  Generating the Si-manufacturing space:

[0061] 1.1 Computing the process distribution means values and covariance

matrix based on the Process distribution data.

[0062] 2.  Sample dies from the Si-manufacturing-space based on:
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[0063] 2.2 Global process variation i.e. using the computed process means values and

covariance matrix (mentioned at 1).

[0064] 2.3 Local variation by sampling from a 2-dimentional mutual Gaussian

distribution with sigma depends on the distance.

[0065] 3.  For each sample, the delay of each arc is estimated by a K-NN algorithm,
using the 500 MC points. The K-NN may be tuned by cross-validation.

[0066] 4. The delay of each path is the sum of the delays of the arcs contained in the
path.

[0067] 5. € is defined as the time difference to the slowest path, and §; as the
probability to find it. For given €; and &, the algorithm returns a set of paths such that at

least one of these paths is €;-slowest in (1 — &;) X 100% of the times.
[0068] Part B: Adding random variation:

[0069] 6.  Perform steps 1-5 above.

[0070] 7.  Duplicate each sample.

[0071] 8.  For each of the instances add random variation to each arc.

[0072] 9.  For each of the samples, compute the delay differences between the sample

(with no random) to its instances (that include random).

[0073] 10. Compute the differences mean value and sigma for each bin (group of

samples with similar delays).
[0074] Random variation may be added also at part A, step 2.

[0075] EDA tools — Production-View: Silicon production view at design

[0076] The “silicon production view at design” tool is used to analyze the Post-Si
parametric yield of a die for a certain power/performance specification. The Post-Si data
may arrive from different Post-Si stages, for example manufacturing and/or burn-in test.
The “silicon production view at design” tool is a planning tool which allows to calculate the
Post-Si parametric yield (compliance to power/performance specifications) with respect to

a certain frequency/power binning at the Pre-Si stage.
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[0077] The inputs for this tool are:

[0078] 1. A list of critical paths (CPs) generated by a Static-Timing-Analysis (STA)
process/EDA-tool or similar. Each path is described by a list of delay-arcs corresponding to

a certain logic gate delay and/or Inter-Connect RC-delay.

[0079] 2. A list of factorized Reference arcs-delays generated by the Lib-Sense tool.
The list includes the delay distribution of each arc-delay in a certain standard cell over 500
MC points, a set of operating voltages, a set of operational temperatures and a set of aging

conditions.

[0080] 3. A list of foundation intellectual property cells, standard cells and memories

(Foundation IPs), utilized in the IC digital implementation.

[0081] 4. A list of factorized Reference leakage-current values per cell generated by the
Lib-Sense tool.

[0082] 5.  Active-power generated by a power-analysis tool.
[0083] 6.  Process distribution data representing the Si-manufacturing-space.

[0084] This tool uses the CPs set (1) and the operational voltages and temperature sets to
build a CP’s delay. Timing traces from the STA will generate new STA models for a specific
Monte-Carlo point, voltage point and temperature point. An example for a CP delay
representation (i.e. some delay-arcs vs. MC point at a certain operational point) is shown in

the table below:

[0085]

Arc Index

i

a

& 8 L OO ] AN L QAN M R0 1 2 L R 040 Wy RRGLEY

Table 2: CP delay

[0086] This tool uses the list of foundation IPs instances utilized in the IC design to

generate the leakage power data base.

10
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[0087] The power database is the sum of leakage-power and the active-power. The total
leakage power may be calculated by summing up the leakage power of all the foundation
IP instances in the specific IC design. More details are described in U.S. Provisional Patent
Application no. 62/657,986, entitled "Integrated Circuit Profiling and Anomaly Detection",
filed April 16, 2018 and International (PCT) Patent Application no. PCT/IL2019/050433,
entitled "Integrated Circuit Profiling and Anomaly Detection", filed April 16 2019, both of

which are incorporated herein by reference in their entirety.

[0088] For example, the total leakage of a specific IC design may be generated as the total

leakage measurement as the sum of all cell’s leakage:

[0089] Total leakage | PVT =V X Yqy ceus logr (8) | PVT

[0090] This tool first builds the frequency and/or power binning at the nominal operation
point (for example, as shown with reference to Figures 3, 4 or 5, in which frequency binning
is shown or as shown with reference to Figure 4, in which power binning is shown, as
discussed below), then allows the user to probe the database with “What-If” queries. The
“What-1f” queries generate different yield vs. power/performance scenarios. Each
frequency bucket in the histogram corresponds to a group of MC-points which relates to a
set of CPs. The Slow process corner and the Fast process corner are also part of the

histogram.

[0091] Three examples are shown with reference to Figure 4, Figure 5 and Figure 6.
Figure 4 shows the frequency histogram of Figure 3, used in an example of a Pre-Si yield-
loss mitigation process. By increasing (up-driving) the voltage for devices in material bins
having a predicted Fmax (maximum frequency) that is below the target frequency (in this
case approximately 530MHz), the yield loss is saved. Figure 5 shows a power histogram,
illustrating power binning of the IC. A power yield-loss may be mitigated by reducing the
operational voltage of devices in the high-power bins. In the third example (Figure 6), the
frequency histogram of Figure 3 is used to illustrate a Time-To-Market (TTM) view of the
what-if analysis. This demonstrates a tradeoff between parametric yield loss and effort
measured in workweeks (WW) with respect to a frequency target. By trading off 4%
parametric yield-loss at a S30MHz target frequency, the TTM can be reduced by 35WWs.

[0092] Sensors/Agents 210

11
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[0093] These are circuits that are used to sense or measure a certain device parameter, a
sub-circuit parameter, a die-level parameter, and/or the like. For example, a sensor measures

the delay of a certain logic cell.

[0094] Following are examples of sensor/agent circuits (hereinafter, for simplicity,

“sensors”).

[0095] A timing-margin sensor generates Margin Maps at many points in the IC. Figure
7 shows an example Margin Map of a die. The Margin Maps may have generated by the
timing margin detection circuits described in the U.S. Provisional Patent Application no.
62/586,423, filed December 5, 2017, entitled "Integrated Circuit Failure Prediction Device"
and International (PCT) Patent Application no. PCT/IL2018/051234, filed November 15,
2018, entitled “Integrated Circuit Margin Measurement and Failure Prediction Device”,
both of which are incorporated herein by reference in their entirety. This is also described

in the aforementioned ‘986 application and corresponding PCT application.

[0096] A delay sensor may sense the delay of a certain logic cell. It may be implemented

by a ring-oscillator circuit whose frequency reflects the average delay of the logic cells.

[0097]  Another delay-sensor may sense the delay of the rising-edge of a certain logic cell

and the falling-edge of a logic cell in a separate way.

[0098] A further delay sensor may sense the RC-delay per-metal or per a subset of metals

and or like.

[0099] A leakage-sensor may be used to sense the leakage of a certain P-device and a
certain N-device in separate ways, as described in U.S. Provisional Patent Application no.
62/614,706, entitled "Integrated Circuit Sub-Threshold Leakage Sensor" and International
(PCT) Patent Application no. PCT/IL2019/050039, filed January 8, 2019, entitled
“Integrated Circuit Workload, Temperature and/or Sub-Threshold Leakage Sensor”, both

of which are incorporated herein by reference in their entirety.

[00100] A voltage sensor may sense the absolute DC-voltage, or the instantaneous AC-

voltage (negative peak, positive peak and peak-to-peak) of a point in the Si.

12
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[00101] A Thermal sensor may sense the absolute temperature, or the instantaneous
temperature (negative peak, positive peak, and peak-to-peak) of a point in the Si. Examples

of a thermal sensor are discussed with reference to the leakage sensor mentioned above.
[00102] ML tools — CP Estimator generator 230

[00103] An estimator is a function and/or rule that converts between values (i.e., defines
the relationships between the die operational values analytically, empirically, heuristically,
etc.), such as using sensor values as input arguments to determine CPs delays, die power
consumption, a profile (profile classifier), predicted High Coverage Measurement (HCM)
values (HCM conversion function), predict manufacturing point, and/or the like. As used
herein, the term “manufacturing point” means the set of parameters that determine the
manufacturing of the IC design. Similar relationships may be found between HCM values
and sensor values. The results of the die testing and analysis may better determine the

specific dies that may operationally meet or exceed the engineering specifications.

[00104] Post-Si feedback data 200

[00105] When a certain die is tested, the tester reads values from its sensors. In addition,
the IC is tested against an Fmax limit and power consumption (active-power and leakage-

power-IDDQ) is actually measured from the IC for a specific production test.
[00106] The values from the sensors are used as an input data for;

[00107] 1. The profiling-block described in the ‘986 application and corresponding

PCT application. The profiling block classifies the die per its Si-manufacturing point.

[00108] 2.  The estimator block, which computes the Pre-Si CP’s delay estimators, the
die power consumption estimator, and the Si-manufacturing point using the sensor data as

its arguments.

[00109] 3. A direct parametric measurement, such as timing margin at many different

areas in the IC.

[00110] The estimator block may generate one or more of the following outputs by the

Post-Si estimators:

[00111] 1.  The die maximum frequency.

13
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[00112] 2.  The die power consumption.

[00113] 3. Die Si-manufacturing point.

[00114] Additional data generated by the sensors read, as a direct parametric measurement:
[00115] 4. Die timing-margin map at many different points in the 1C.

[00116] Post processing of 1,2,3 is used to build the die Post-Si frequency/power

consumption-binning per Si manufacturing groups/families and interconnect models.

[00117] These, together with 4, create the “Design view at Post-Si stage”. This view
generates data from design at Post-Si stage per device, as stated above, which until now is

unavailable.

[00118] The following data, or a part thereof, is feedback to the Pre-Si processes per each
die:

[00119] 1.  Post-Si1 CP’s list.

[00120] 2.  Post-Si power consumption of the dies.

[00121] 3.  Die Si-manufacturing profile/point.

[00122] 4.  Post-Si CP’s Fmax estimator results.

[00123] 5.  Post-Si Voltage-droop measurements and local hot-spots.
[00124] 6.  Post-Si timing-margin at many different points in the IC.

[00125] The feedback data allows to correlate Post-Si results with Pre-Si models, improve
Pre-Si models and assumptions for further designs, and/or improve Post-Si tests, testing

conditions and coverage.

[00126] Post-Si binning and or performance/power test against specification- parametric

Yield improvements 140

[00127] At manufacturing-testing stage the Post-Si data (1-6), is used to actually perform
the power/performance binning decisions as decided in the “Silicon production view at
design” tool analysis. Providing the same visibility and good decision making both at design
and as Post-Si stage, and maximizing the parametric yield according to the decisions taken

in the design stage.
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[00128] Timing-margin maps are used to analyze the IC behavior on different production
tests, find “hot spots”, compare different production tests “stress” and coverage and use as

a feedback to the Pre-Si models.

[00129] In a general sense, there may be considered a method operative on a hardware
processor (or multiple hardware processors) comprising: running a Monte Carlo simulation
of possible integrated circuit (IC) process variations of each of a plurality of IC cell types,
wherein each of the plurality of IC cell types is defined by multiple specific transistors and
multiple specific interconnects; based on the results of the Monte Carlo simulation, creating
a library of IC cell types and their corresponding behavioral values for each of the possible
IC process variations, and storing the library in a non-transient memory; and receiving an
IC design at the hardware processor, particularly embodied as a digital file. The library of
IC cell types advantageously comprises one or more models (such as one or more
operational models) for each IC cell type. The Monte Carlo simulation may be implemented
in accordance with one or more models of each of the plurality of IC cell types. Each model
may include aging degradation data. The results of the Monte Carlo simulation may be de-
rated, by factorization of each data point from the results of the Monte Carlo simulation
with data of a respective reference point. The reference point may represent a central
manufacturing point, nominal operation voltage, and nominal operational temperature, for
example. The one or more models of each of the plurality of IC cell types may include a

Static Timing Analysis (STA) model of each of the plurality of IC cell types.

[00130] In a first aspect, the method may further comprise: correlating the received 1C
design with the library; and predicting a frequency distribution and/or a power distribution
of ICs manufactured according to the IC design. This approach may allow improved data
regarding the manufacturing process to be obtained. The data may be fed back into the
manufacturing process and/or operation of the manufactured ICs. This may be a form of
product binning, in which ICs can be categorized in accordance with their characteristics.
The binning is performed using Pre-Si (simulation and design) data, but Post-Si data (which

may be derived from IC measurements) may additionally be used.

[00131] In a second aspect, the method may further comprise: applying a path selection

algorithm to the IC design, wherein the applying comprises: retrieving, from the library,
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behavioral values that pertain to cell types that exist in the IC design. A result of the path
selection algorithm may include a list of paths in the IC design and optionally an
identification of critical paths. A Path-Sensitivity-Analysis (PSA) tool may thereby be
provided. In embodiments, the method may further comprise: running an electronic circuit
simulation (for example, using performed using Simulation Program with Integrated Circuit
Emphasis, SPICE) to produce possible IC process variations, based on the behavioral values
retrieved from the library. A ranked list of critical paths may be identified, out of the paths
in the IC design. In particular, the ranked list of critical paths may be based on the behavioral
values retrieved from the library (the expended Lib data, especially at many MC points).
Moreover, the ranked list of critical paths may be based on the STA model, allowing STA
data to be expanded over the manufacturing process space. The CPs may then be used to
improve the manufacturing process and/or operation of the manufactured ICs. For example,
a frequency distribution and/or a power distribution of ICs manufactured according to the
IC design may be predicted, based on the ranked list of critical paths (such as discussed

above with respect to the first aspect).

[00132] According to any aspect, it may be considered that the behavioral values are values
that affect at least one operational parameter of an IC manufactured based on the IC design.
For example, the at least one operational parameter may be selected from the group

consisting of: voltage, current, delay, and frequency.

[00133] In embodiments, Post-Si data may be used. For example, Post-Si data, derived
from ICs manufactured according to the 1C design, may be received. The stored library may
be adjusted based on the received data. For instance, this may include one or more of:
correlating Post-Si results with Pre-Si models; improving Pre-Si models and/or assumptions

for further designs; and improving Post-Si tests, testing conditions and coverage.

[00134] Inembodiments, an on-chip measurement may be received from ICs manufactured
according to the IC design. Then, the on-chip measurement may be used as an input to an
estimator. Post-Si data may be provided as an output from the estimator. The estimator may
also use Pre-Si data (such as models and/or simulation data). An estimator may be used to

provide CP delay information, for example.
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[00135] The Post-Si data is derived from one or more on-chip sensors (such as agents, as
discussed herein). The one or more on-chip sensors may comprise at least one of: a timing-
margin sensor; a delay sensor; a leakage sensor (for example, based on a ring oscillator); a

voltage sensor; and a thermal sensor.

[00136] In embodiments, one or more manufacturing parameters may be set based on the
stored library, such as model data and/or behavioral values retrieved from the library
(including information derived from the behavioral values such as the frequency
distribution, power distribution and/or CPs). For example, this may result in a reduction in
production times to achieve a specific frequency target. ICs may be manufactured according

to the IC design and the manufacturing parameters accordingly.

[00137] In embodiments, the method may further comprise: manufacturing ICs according
to the 1C design. Then, one or more operational parameters (such as operational voltage
and/or frequency) of the manufactured ICs may be set based on the stored library, such as
model data and/or behavioral values retrieved from the library (including information
derived from the behavioral values such as the frequency distribution, power distribution
and/or CPs). For example, reducing the operational voltage of devices may reduce yield-
loss in some circumstances. In such embodiments, the model data is beneficially improved

or updated based on Post-Si data.

[00138] The present invention may be a system (which may include a manufacturing
and/or testing apparatus), a method, and/or a computer program product. The computer
program product may include computer readable program instructions for causing (or
configured to cause) a processor to carry out aspects of the present invention. A computer

readable storage medium (or media) may have the computer readable program instructions.

[00139] The computer readable storage medium can be a tangible device that can retain
and store instructions for use by an instruction execution device. The computer readable
storage medium may be, for example, but is not limited to, an electronic storage device, a
magnetic storage device, an optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination of the foregoing. A non-
exhaustive list of more specific examples of the computer readable storage medium includes

the following: a portable computer diskette, a hard disk, a random access memory (RAM),
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a read-only memory (ROM), an erasable programmable read-only memory (EPROM or
Flash memory), a static random access memory (SRAM), a portable compact disc read-only
memory (CD-ROM), a digital versatile disk (DVD), a memory stick, a floppy disk, a
mechanically encoded device having instructions recorded thereon, and any suitable
combination of the foregoing. A computer readable storage medium, as used herein, is not
to be construed as being transitory signals per se, such as radio waves or other freely
propagating electromagnetic waves, electromagnetic waves propagating through a
waveguide or other transmission media (e.g., light pulses passing through a fiber-optic
cable), or electrical signals transmitted through a wire. Rather, the computer readable

storage medium is a non-transient (i.e., not-volatile) medium.

[00140] Computer readable program instructions described herein can be downloaded to
respective computing/processing devices from a computer readable storage medium or to
an external computer or external storage device via a network, for example, the Internet, a
local area network, a wide area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission fibers, wireless transmission,
routers, firewalls, switches, gateway computers and/or edge servers. A network adapter
card or network interface in each computing/processing device receives computer readable
program instructions from the network and forwards the computer readable program
instructions for storage in a computer readable storage medium within the respective

computing/processing device.

[00141] Computer readable program instructions for carrying out operations of the present
invention may be assembler instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions, microcode, firmware instructions,
state-setting data, or either source code or object code written in any combination of one or
more programming languages, including an object oriented programming language such as
Java, Smalltalk, C++ or the like, and conventional procedural programming languages, such
as the "C" programming language or similar programming languages. The computer
readable program instructions may execute entirely on the user's computer, partly on the
user's computer, as a stand-alone software package, partly on the user's computer and partly
on a remote computer or entirely on the remote computer or server. In the latter scenario,

the remote computer may be connected to the user's computer through any type of network,
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including a local area network (LAN) or a wide area network (WAN), or the connection
may be made to an external computer (for example, through the Internet using an Internet
Service Provider). In some embodiments, electronic circuitry including, for example,
programmable logic circuitry, field-programmable gate arrays (FPGA), or programmable
logic arrays (PLA) may execute the computer readable program instructions by utilizing
state information of the computer readable program instructions to personalize the

electronic circuitry, in order to perform aspects of the present invention.

[00142] Aspects of the present invention are described herein with reference to flowchart
illustrations and/or block diagrams of methods, apparatus (systems), and computer program
products according to embodiments of the invention. It will be understood that each block
of the flowchart illustrations and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be implemented by computer readable

program instructions.

[00143] These computer readable program instructions may be provided to a processor of
a general-purpose computer, special purpose computer, or other programmable data
processing apparatus to produce a machine, such that the instructions, which execute via the
processor of the computer or other programmable data processing apparatus, create means
for implementing the functions/acts specified in the flowchart and/or block diagram block
or blocks. These computer readable program instructions may also be stored in a computer
readable storage medium that can direct a computer, a programmable data processing
apparatus, and/or other devices to function in a particular manner, such that the computer
readable storage medium having instructions stored therein comprises an article of
manufacture including instructions which implement aspects of the function/act specified

in the flowchart and/or block diagram block or blocks.

[00144] The computer readable program instructions may also be loaded onto a computer,
other programmable data processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other programmable apparatus or other
device to produce a computer implemented process, such that the instructions which execute
on the computer, other programmable apparatus, or other device implement the

functions/acts specified in the flowchart and/or block diagram block or blocks.
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[00145] The flowchart and block diagrams in the Figures illustrate the architecture,
functionality, and operation of possible implementations of systems, methods, and computer
program products according to various embodiments of the present invention. In this regard,
each block in the flowchart or block diagrams may represent a module, segment, or portion
of instructions, which comprises one or more executable instructions for implementing the
specified logical function(s). In some alternative implementations, the functions noted in
the block may occur out of the order noted in the figures. For example, two blocks shown
in succession may, in fact, be executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams and/or flowchart illustration, and
combinations of blocks in the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems that perform the specified
functions or acts or carry out combinations of special purpose hardware and computer

instructions.

[00146] The descriptions of the various embodiments of the present invention have been
presented for purposes of illustration, but are not intended to be exhaustive or limited to the
embodiments disclosed. Many modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and spirit of the described
embodiments. The terminology used herein was chosen to best explain the principles of the
embodiments, the practical application or technical improvement over technologies found
in the marketplace, or to enable others of ordinary skill in the art to understand the

embodiments disclosed herein.
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CLAIMS

What is claimed is:

1. A method comprising using at least one hardware processor for:

running a Monte Carlo simulation of possible integrated circuit (IC) process
variations of each of a plurality of IC cell types, wherein each of the plurality of
IC cell types is defined by multiple specific transistors and multiple specific
interconnects;

based on the results of the Monte Carlo simulation, creating a library of IC cell types
and their corresponding behavioral values for each of the possible IC process
variations, and storing the library in a non-transient memory;

receiving an IC design embodied as a digital file;

correlating the received 1C design with the library; and

predicting a frequency distribution and/or a power distribution of ICs manufactured

according to the IC design.

2. A method comprising using at least one hardware processor for:

running a Monte Carlo simulation of possible integrated circuit (IC) process
variations of each of a plurality of IC cell types, wherein each of the plurality of
IC cell types is defined by multiple specific transistors and multiple specific
interconnects;

based on the results of the Monte Carlo simulation, creating a library of IC cell types
and their corresponding behavioral values for each of the possible IC process
variations, and storing the library in a non-transient memory;

receiving an IC design embodied as a digital file;

applying a path selection algorithm to the IC design, wherein the applying
comprises: retrieving, from the library, behavioral values that pertain to cell

types that exist in the 1C design.

3. The method according to claim 2, further comprising:
running an electronic circuit simulation of the IC design to identify possible IC

process variations, based on the behavioral values retrieved from the library.
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4. The method according to claim 2 or claim 3, further comprising:
identifying a ranked list of critical paths, out of the paths in the IC design, based on

the behavioral values retrieved from the library.

5. The method according to any one of claims 2 to 4, further comprising:
predicting a frequency distribution and/or a power distribution of ICs manufactured

according to the IC design, based on the paths in the IC design.

6. The method according to any one of claims 1-5, wherein the behavioral values are
values that affect at least one operational parameter of an IC manufactured based on the 1C
design, wherein the at least one operational parameter is selected from the group consisting

of: voltage, current, delay, and frequency.

7.  The method according to any one of claims 1-6, wherein the library of IC cell types

comprises an operational model for each IC cell type.

8. The method according to claim 7, wherein the operational model for each IC cell

type comprises aging degradation data.

9. The method according to claim 8, wherein the operational model for each IC cell

type comprises a Static Timing Analysis (STA) model.

10. The method according to any one of claims 1-9, wherein the electronic circuit
simulation is performed using SPICE (Simulation Program with Integrated Circuit

Emphasis).

11. The method according to any one of claims 1-10, further comprising:
receiving Post-Si data, derived from ICs manufactured according to the IC design;
and

adjusting the stored library based on the received data.

12. The method according to claim 11, further comprising:
receiving an on-chip measurement from ICs manufactured according to the IC

design;
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using the on-chip measurement as an input to an estimator, the Post-Si data being

providing as an output from the estimator.

13. The method according to any one of claims 11-12, wherein the Post-Si data is

derived from one or more on-chip sensors.

14. The method according to claim 13, wherein the one or more on-chip sensors
comprise at least one of: a timing-margin sensor; a delay sensor; a leakage sensor; a voltage

sensor; and a thermal sensor.

15. The method according to any one of claims 1-14, further comprising:
manufacturing ICs according to the IC design; and
setting one or more operational parameters of the manufactured ICs based on the

stored library.

16. The method according to any one of claims 1-15, further comprising:
setting one or more manufacturing parameters based on the stored library; and

manufacturing ICs according to the IC design and the manufacturing parameters.

17. A computer program product comprising a non-transitory computer-readable
storage medium having program code embodied therewith, the program code executable by

at least one hardware processor to perform the actions of any one of the preceding claims.

18. A system comprising:
(a) a non-transitory computer-readable storage medium having program code
embodied therewith, the program code executable by at least one hardware
processor to perform the actions of any one of claims 1-16;

(b) at least one hardware processor configured to execute the program code.
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