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Executive Summary

Accurate parasitic extraction is critical to the success of high-performance integrated circuit (IC) design due to its
impact on circuit timing, signal integrity and functionality. As process technology advances, high-accuracy extraction is
a must for critical IP, such as standard cells and memories, and timing-sensitive circuits, such as clock networks, analog
mixed-signal (AMS), RF and high-speed designs. Designers are looking for a high-capacity 3-dimensional (3D) field
solver solution to accurately extract their ever-growing critical circuit designs. In addition, they need a solution that
easily fits into their existing post-layout flows to help them meet the stringent design tapeout schedules. Synopsys’
StarRC™ Fast Field Solver (FFS) solution with Raphael NXT offers high-accuracy 3D capacitance extraction with full-chip
performance and capacity for reference validation and signoff analysis. This paper presents the StarRC FFS solution and
the benefits it provides to IP and IC designers.

Introduction

The sensitivity of circuits to parasitics is becoming more pronounced at each new process node. The use of new device
structures and an increasing number of metal layers introduce many new parameters in the equation. Technology
advances elevate device and interconnect parasitics, previously considered secondary in older technologies, to primary
factors affecting circuit behavior. For example, context-specific device parasitics—gate-to-contact coupling capacitance
and gate-to-diffusion coupling capacitance—now have a profound effect on capacitance accuracy at 40-nm and
beyond. Overall, the shrinking feature sizes, combined with smaller capacitances and increasing impact of context-
specific device parasitics, necessitate the use of a field solver solution for silicon accuracy.

Field solver-based 3D capacitance computation is considered the golden reference for extraction. Traditional field
solvers, such as Synopsys’ gold-standard Raphael tool, use a mesh-based algorithm, e.g., finite element or boundary
element method. Hitherto, the usage of traditional field solvers has been limited to basic process characterization and
tool validation using simpler 3D test structures due to capacity and runtime limitations. On the other hand, full-chip
signoff extractors, such as StarRC, use a high-performance and -capacity pattern-matching technology based on
accurate process modeling and tight correlation with a golden field solver. However, as the need for higher accuracy
increases both at the IP and chip level at advanced process nodes, designers seek a way to strike a balance between
field solver accuracy and full-chip signoff extraction solutions. They need a solution that enables them to use their
existing implementation and signoff methodology while providing the option to use high-accuracy field solver
extraction for critical circuits.

The integrated Raphael NXT fast field solver in the StarRC FFS solution complements StarRC’s full-chip signoff
extraction and extends it to deliver high-accuracy, high-performance 3D extraction. Raphael NXT uses a fast “Statistical
Floating Random Walk” method to compute self and coupling capacitance of large circuits by accounting for all 3D
effects associated with the complex geometries of interconnect and device structures needed for silicon accuracy.
Figure 1 shows how Raphael NXT bridges the accuracy and performance needs in extraction tool hierarchy.
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Figure 1: Extraction tool hierarchy—Raphael NXT combines the accuracy of mesh-based field solvers
with an efficient algorithm for high-performance extraction of larger critical circuits

Fast Field Solver Applications

Fast field solvers are primarily needed for timing-sensitive design applications. The most common target applications for
Raphael NXT are:

a) Characterization (Standard cells, memory bit cells, 10s, design capacitors, etc.)
b) Memory designs
c) Custom AMS and RF designs

d) Critical nets/circuits (clock nets, etc.)

Characterization is performed to model the electrical properties for the building blocks of design, e.g., standard cells and
memory bit cells. A typical 40-nm standard cell library may consist of more than 400 cells, thus requiring a fast parasitic
extraction solution to efficiently characterize all the cells. In addition, since standard cells serve as the building blocks of
designs, higher accuracy is required in order to characterize libraries for the best timing margins and performance. Any
inaccuracy introduced in parasitic extraction during the characterization process can mean the difference between silicon
success and failure. Similarly, other building blocks, such as memory bit cells and critical design devices, require high
accuracy to avoid introducing design errors.

Custom memory design is another application that requires field solver extraction accuracy. Since the memory designs are
much larger in size than library cells, FFSs are required to deliver high capacity as well as fast runtimes to meet design
project cycle-time goals. Multicore distributed processing capabilities may be suitable to extract large megabyte-size
memories in a reasonable timeframe.

Sensitivity of circuits to parasitics continues to increase at each new process node, particularly for custom AMS/RF designs.
Analog and RF circuits, such as differential amplifiers and PLLs, require the highest level of accuracy for critical nets due to
the impact on signal noise and timing. For instance, in the case of differential amplifiers, it is important that the parasitics
for the output signals be accurately extracted and matched to adequately characterize the behavior.

Timing for critical circuits, including critical paths and clock networks, have a direct impact on overall design performance.
Designers are turning to FFS solutions to ensure that they accurately account for device and interconnect capacitances
associated with critical circuitry to meet their design specifications. FFSs are needed either to validate signoff extractor
results (e.g., StarRC results) or to directly drive higher accuracy post-layout analysis.

Raphael NXT provides an ideal solution for the target applications discussed above to meet accuracy and performance
requirements. Raphael NXT’s integration in the StarRC FFS solution provides native support for the latest process effects at
40- and 28-nm. Overall, the StarRC FFS solution with Raphael NXT offers a unique set of benefits for the target
applications, including:

1) Integrated signoff extraction
2) Advanced modeling and accuracy

3) High performance and capacity
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The following sections describe the integrated StarRC FFS solution and the benefits it offers.

Integrated StarRC FFS Solution with Raphael NXT

Traditionally, designers have used field solver extractors external to their signoff flow for validation or extraction—this
requires time-consuming multiple setups and error-prone parasitic netlist merging. As the circuit complexities increase at
advanced process nodes, the setup time required to accurately model process effects and create input data for field solver
extraction introduces a significant overhead which is impractical given the ever-increasing project cycle-time constraints.
Designers need a solution that supports detailed process effects in field solver and signoff extractors as well as providing
the efficiency of a single environment to ensure desired quality of results for reference comparison or analysis. The
integration of Raphael NXT within the StarRC FFS solution significantly boosts designer productivity by providing a
common setup, complementary extraction technologies, and automated netlist merging for reliable post-layout validation
or extraction.

The integrated StarRC FFS solution enables designers to use their existing interfaces and post-layout methodologies. The
Raphael NXT FFS extraction is invoked internally through the same standard StarRC command file and supports all StarRC
options automatically. The integrated solution offers seamless interface with all standard design formats, including GDSII
interface for custom design flows, Milkyway™ or LEF-DEF interfaces for gate-level auto place-and-route (APR) design flows,
and a DSPF, SPEF or SBPF interface with downstream analysis and simulation tools. The solution also supports flow-specific
features, such as hierarchical skip_cells feature for precharacterized models and metal-fills that are common in today’s
process technologies. User-defined options at the StarRC user interface level allow one to easily manage Raphael NXT field
solver extraction options and convergence goals and selectively control which parasitics to retain or ignore, such as device-
level capacitances.

The integrated StarRC FFS solution with Raphael NXT has two different modes: FSCOMPARE and FS_EXTRACT_NETS, as
shown in Figure 2.
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Figure 2: StarRC FFS solution uses integrated Raphael NXT technology for
high-accuracy capacitance extraction and reference validation

The FSCOMPARE mode provides an easy-to-use flow for reference validation of signoff extraction tools such as StarRC. It
offers a push-button flow for analysis of test structures or selected nets in the design. The results from Raphael NXT and
the full-chip signoff extractor (StarRC) are then compared to ensure consistency.

The FS_EXTRACT_NETS mode is used for high-accuracy extraction of critical circuits to complement StarRC extraction.
Within the StarRC environment, users can supply Raphael NXT with a list of nets that need the highest level of capacitance
extraction accuracy. StarRC not only extracts the nets as in the regular flow, but also creates a subset of the design based
on the user-specified nets to be extracted by Raphael NXT. The StarRC processing engine intelligently partitions the design,
applies advanced process modeling, and generates the necessary inputs for Raphael NXT. StarRC also merges Raphael NXT
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results with original StarRC results and outputs a single parasitic netlist. The netlist can then be easily plugged into a
simulation environment for circuit analysis. This flexibility of full-chip capacity with field solver accuracy provides a
complete spectrum of extraction technologies within a single extraction flow.

Advanced Process Modeling and Accuracy

Accurate capacitance extraction requires detailed modeling of advanced process effects and accurate computation of the
electrostatic characteristics of complicated 3D layout structures. The StarRC FFS solution supports advanced modeling for
40nm and below process technologies and offers proven silicon accuracy.

The StarRC FFS solution allows the integrated Raphael NXT fast field solver to take full advantage of the StarRC advanced
process modeling technology through the unified process modeling interface. StarRC’s translation engine reads the nxtgrd1
process modeling contents and translates the modeling information into inputs for Raphael NXT. This enables Raphael NXT
to natively support all the advanced process modeling features required at 40nm and beyond, such as handling of
conformal dielectrics, air gaps, low-k damage, lithography and CMP-related thickness effects. Layout-dependent process
effects, such as width- and spacing-dependent etch and density-based thickness variation, are computed and applied by
StarRC’s proven data preprocessor prior to writing the polygon information into Raphael NXT’s binary input file format.
StarRC’s preprocessor is also responsible for preserving and passing connectivity information to the Raphael NXT inputs by
using a proprietary naming format to distinguish segments of a net for which parasitics should be retained or ignored (i.e.,
intra-device), depending on the flow needs. Similarly, metal fill polygons (floating and grounded) are tagged accordingly
and passed to Raphael NXT using a special convention to ensure that the capacitance of these segments is extracted
accurately while reducing the floating nodes for seamless back-annotation into a post-layout flow. This automated flow
eliminates the task of modeling process effects separately and requiring the user to explicitly define the input design
details or making sure that the inputs to StarRC and FFS are consistent in the case of validation.

In addition to support of the latest process effects through a common interface, Raphael NXT uses proven algorithms to
guarantee the highest level of capacitance accuracy. The Raphael NXT FFS is a true 3D capacitance extractor that uses the
Statistical Floating Random Walk method to accurately solve electrostatic equations to compute self- and coupling-
capacitance of critical circuits. Through the use of precharacterized green functions (i.e., functions defining the
relationship between electrical field and voltage), capacitance is computed to the desired accuracy target based on hops,
or jumps, from one conductor to another. Raphael NXT continues to perform hops until the specified accuracy criteria for
capacitance is reached, in which case it starts capacitance extraction of other nets or exits. Raphael NXT’s 3D random walk
extraction allows users the flexibility to trade off accuracy and runtime, depending on the specific design needs. A self-
capacitance accuracy setting of 0.5% (the default in the StarRC FFS solution) allows up to 1.5% variation in capacitance due
to the statistical nature of random walk. Generally, the statistical variation is well within this range. On the other hand,
loosening the self capacitance target to 1% will lead to a 4x (n*2) improvement in extraction speed.

Raphael NXT is closely correlated with Raphael, the industry-standard field solver used by trusted major foundries as their
golden reference (interconnect parasitics generated by Raphael are included as part of foundry design reference guide).
Figure 3 shows a correlation plot of Raphael vs. Raphael NXT for over 5,000 test structures (2 and 3 layer) at 45nm. The
correlation results show a mean error of less than 2% and standard deviation of 2.5%.

! nxtgrd: Process modeling file generated by StarRC grdgenxo
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Figure 3: Raphael NXT is closely correlated with gold-standard Raphael (45nm process)

The advanced process modeling and statistical random walk technology enable Raphael NXT to deliver increased accuracy
for most complex timing-sensitive circuits, such as memory bit cells. Memory bit cell characterization requires the highest
sub-femtoFarad accuracy due to the repetitive structure of memories. Any error accumulated during bit cell extraction
multiplies across the entire memory word line. Raphael NXT 3D extraction accurately extracts the bit cell capacitance for
characterization. Figure 4 shows the accuracy of Raphael NXT extraction vs. golden Raphael on real customer memory bit
cell circuits. Other customers have seen similar results on their timing-sensitive circuits, such as for standard cell
characterization.

Lumped Values (Farad)

Node Raphael Raphael NXT Diff Diff %
BL 1.91 E-16 1.91 E-16 -3.300 E-19 -0.17
BL_ 1.91 E-16 1.90 E-16 6.40 E-19 0.34

CORED 1.56 E-16 1.56 E-16 3.30 E-19 0.21
CORED_ 1.56 E-16 1.57 E-16 -5.60 E-19 -0.36

Coupling Values (Farad)

Raphael Raphael NXT Diff Diff %
CORED_ -
CORED 1.48 E-17 1.46 E-17 1.90 E-19 1.30
CORED_ -BL 4.37 E-17 443 E-17 -6.21 E-19 -1.40
BL_ - CORED 4.36 E-17 4.35E-17 1.87 E-19 0.43

Source: “Accurate Bit cell Extraction with Raphael-NXT” by Tom Mahatdejkul (ARM), SNUG SJ 2009

Figure 4: StarRC FFS solution provides high-accuracy memory bit cell extraction, correlated with gold-standard Raphael

High Performance and Capacity

The StarRC FFS solution offers leading performance and capacity for high-accuracy extraction due to its FFS integration
advantage, fast random walk technology, and super-scalable multicore distributing processing capability.

The integration advantage in productivity comes through the StarRC preprocessing technology. The StarRC data
preprocessor uses innovative techniques to cut the design into an appropriate window size for critical net extraction. This
reduces the number of polygons and input database size for Raphael NXT, thereby reducing turnaround time without loss
of accuracy. For example, if a user is interested in extracting two nets at extreme edges of a chip, StarRC’s preprocessor
will input only the required window with parasitic influence around the two nets of interest, rather than inputting the
entire design to Raphael NXT. In addition, optimizations for flow features, such as grounding coupling capacitances or
treating metal fill as grounded, are handled efficiently by the preprocessor by grouping all neighboring nets into a unified
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ground net definition to achieve the best performance. Overall, the preprocessing capability in the StarRC FFS solution
enables users to automatically prepare the design and speed-up high-accuracy extraction.

The 3D statistical random walk technology in Raphael NXT enables the StarRC FFS solution to deliver superior runtime and
full-chip capacity for large designs, e.g., the ability to accurately extract the capacitance of thousands of critical nets
consisting of several million transistors. One of the key advantages of the floating random walk method is its inherently
parallel characteristics, i.e., each walk is independent of all others, so walks can be run in parallel with no loss of accuracy.
Raphael NXT’s multicore processing capability allows users to run extractions in parallel on multiple cores with almost
linearly scalable throughput (see Figure 5). The implementation uses a fine-grained parallel algorithm which runs
efficiently even with different loads on different machines. As designs get larger and more nets require the accuracy of
Raphael NXT, users can easily add more CPU cores to keep the total extraction time manageable.
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Figure 5: Raphael NXT multicore distributing processing offers linear performance scalability

As the number of critical IP and circuits in designs is increasing at advanced process nodes, runtimes and capacity of high-
accuracy extraction is becoming more important, as discussed earlier. Standard cell characterization time, in particular,
has become a significant concern due to the increase in the number of cells in a typical library at 40nm and beyond (more
than 400) and also due to the increased complexity of standard cell circuits. However, standard cell library characterization
requires the highest level of accuracy such that the largest timing margins can be provided to designers to achieve the best
performance and functionality. Hence, characterization tools must not only be accurate but also be efficient in order to
provide fast turnaround time on the library data. Raphael-NXT’s fast extraction technology and its seamless and
automated integration into the StarRC FFS solution makes it well-suited for standard cell library characterization. Figure 6
shows the Raphael NXT single CPU core runtimes for various cell types in a typical standard cell library. Based on these
extraction runtimes, users can characterize a 400-cell library in less than a day.

Cell Name # of Transistors # of Nets Raphael NXT Ref: StarRC
Runtime (s) Runtime (s)
AND 6 7 47 33
OR 6 7 51 22
INV 8 4 124 21
MUX 18 10 290 18
FPDQ 26 17 321 19

Figure 6: Raphael NXT (in the StarRC FFS solution) demonstrates high extraction performance on standard cells
(single CPU core with 0.5% accuracy setting)

However, as the critical circuit size may be significantly larger than a standard cell in advanced process nodes, an FSS
solution must have the ability to deliver full-chip capacity and performance. As described earlier, memory designs are
typically much larger in size and tend to grow considerably with each new technology. Memory designs also require high-
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precision extraction in order to characterize timing numbers accurately. The StarRC preprocessor benefits and Raphael
NXT’s floating random walk technology again provide exceptionally high runtime and capacity with target accuracy for
such large designs. Figure 7 shows runtimes for a memory control block and for a large custom 1MB SRAM. The control
block was extracted by the StarRC FFS solution in just 30 minutes using a fraction of available machine memory. The 1MB
SRAM, consisting of 150K nets, was extracted using 10 CPU cores in just 20 hours while consuming only 12GB of peak
memory. Overall, the StarRC FFS solution provides low peak memory usage, enabling users to easily use the more common
16GB machines available in their compute network.

Design # of Nets Runtime Memory
Control Block 565 30 min 16 MB
20 Hrs
1MB SRAM 150K (10 CPU cores) 12GB
(1.67% accuracy
setting)

Figure 7: Raphael NXT (in the StarRC FFS solution) demonstrates high extraction performance
on large memory designs

Conclusion

Field solver extraction with full-chip performance and capacity is needed to meet growing high-accuracy demands of high-
performance ICs at advanced process nodes. The StarRC FFS solution with Raphael NXT provides an integrated 3D FFS
extraction for reference validation and signoff analysis of designs such as critical IP, custom AMS and clock networks. The
StarRC FFS solution provides a unified process modeling interface using a single technology file, utilizes a cutting-edge
preprocessor to efficiently generate inputs for Raphael NXT FFS extraction, and seamlessly annotates FFS parasitics onto a
reduced parasitic netlist for accurate verification. Raphael NXT’s proven statistical floating random walk method, super-
scalable distributed processing technology, and StarRC preprocessor capability provide designers with full-chip
performance and capacity while ensuring silicon accuracy.
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