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(57) ABSTRACT

A method for analog circuit design includes the steps of (A)
generating a plurality of initial designs of an analog circuit
with a computer, (B) generating one or more intermediate
designs of the analog circuit based on a selection of a plurality
of characteristics from a subset of the initial designs, (C)
combining the intermediate designs in each corner of a plu-
rality of process corners, a plurality of voltage corners and a
plurality of temperature corners to establish an intermediate
population of the intermediate designs, and (D) searching the
intermediate population of the intermediate designs to locate
a final design of the analog circuit that is optimal across all of
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CORNER PROCESS FOR ANALOG CIRCUIT
DESIGN OPTIMIZATION

[0001] This application relates to U.S. Ser. No. 62/114,189,
filed Feb. 10, 2015, which is incorporated by reference in its
entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to designing analog
circuits generally and, more particularly, to a method and/or
architecture for a corner process for analog circuit design
optimization.

BACKGROUND OF THE INVENTION

[0003] Electronic chips comprise digital, analog or a com-
bination (i.e. mixed signal) circuits. The design of analog and
mixed signal circuits is generally regarded as a dark art.
Conventional techniques need highly skilled and scarce engi-
neering resources, relatively long design cycles and often
multiple iterations before a final product can be brought to
market. Analog circuit design methodology has remained
unchanged for a long time. Analog designers have had to live
with technical and time-consuming efforts in order to design
and optimize analog circuits. Electronic design automation
(EDA) tools needed to simplify and speed up design pro-
cesses have changed (i.e., advanced) little in the past years.
There is a major opportunity for more design automation in
the analog circuit design sector.

[0004] It would be desirable to implement a method and/or
architecture for a corner process for analog circuit design
optimization.

SUMMARY OF THE INVENTION

[0005] The present invention concerns a method for analog
circuit design including the steps of (A) generating a plurality
of initial designs of an analog circuit with a computer, (B)
generating one or more intermediate designs of the analog
circuit based on a selection of a plurality of characteristics
from a subset of the initial designs, (C) combining the inter-
mediate designs in each corner of a plurality of process cor-
ners, a plurality of voltage corners and a plurality of tempera-
ture corners to establish an intermediate population of the
intermediate designs, and (D) searching the intermediate
population of the intermediate designs to locate a final design
of the analog circuit that is optimal across all of the corners.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Embodiments ofthe invention will be apparent from
the following detailed description and the appended claims
and drawings in which:

[0007] FIG. 1 is a block diagram illustrating a system in
which an analog circuit design optimization process in accor-
dance with an embodiment of the present invention may be
implemented;

[0008] FIG. 2 is a block diagram illustrating an example of
a processor farm that may be implemented as part of the
system of FIG. 1;

[0009] FIG. 3 is a block diagram illustrating an example of
a shared scalable cloud-based architecture implementing the
system of FIG. 1;

[0010] FIG. 4 is a flow diagram illustrating an analog cir-
cuit design optimization process in accordance with an
embodiment of the present invention;
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[0011] FIG. 5 is a detailed flow diagram illustrating a ran-
domization process;

[0012] FIG. 6 is a detailed flow diagram illustrating a
dynamic weighting and ranking process;

[0013] FIG. 7 is a detailed flow diagram illustrating a cor-
ner process;

[0014] FIG. 8 is a detailed flow diagram illustrating a yield
process; and

[0015] FIG. 9 is a detailed flow diagram illustrating an
optional matching matrix process;

[0016] FIG. 10 is a detailed flow diagram illustrating a new
circuit design generation process.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0017] Embodiments of the invention include providing a
method and/or apparatus for analog circuit design optimiza-
tion that may (i) automatically generate a new population of
analog circuit designs, (ii) improve a yield when fabricating
the analog circuits compared with conventional techniques,
(iii) improve process corners compared with conventional
techniques, (iv) generate a matching matrix, (vi) dynamically
weight the designs and/or (vii) dynamically rank the designs.
Analog circuit design methods select sizes and other param-
eters of electronic devices in the analog circuits to satisfy a set
of electrical specification criteria. The specifications include
real valued quantities, areas of the circuits, and regions that
the electronic devices operate in as defined by a categorical
specification, but are determined by a set of voltage inequali-
ties. The process(es) in accordance with the present invention
can optimize the analog circuits for the electrical specifica-
tion criteria at different levels of process parameters, volt-
ages, and temperatures, known as process-voltage-tempera-
ture corners. Optimization of a yield is also performed, where
yield is a proportion of the circuits that satisfy the electrical
specification criteria under variations of the process param-
eters.

[0018] Relationships between device parameters and elec-
trical specification criteria are generally complex and theo-
retically determined by a set of differential equations. Auto-
mating optimization of circuits involves considering millions
of combinations of numerous different component param-
eters to select a combination that provides the best circuit
performance. Therefore, the relationships between device
parameters and electrical specifications of an integrated cir-
cuit (e.g., set of electronic circuits on a semiconductor die)
may be multi-modal and thus may not be solvable directly
through analytical means. Furthermore, any proposed circuit
designs (e.g., a given set of device parameters) may depend
on computer simulations to estimate the specification values
without actually building the circuits. Sophisticated artificial
intelligence methods may be implemented to rapidly seek an
optimal solution.

[0019] The device parameters generally define a search
space for optimizing an analog circuit (e.g., a circuit with one
or more continuously variable signals). The device param-
eters, and thus the search space, may be determined by a set of
features. Each device parameter generally has a maximum
value and a minimum value that may constrain the search
space to a bounded region. Each device parameter may have
a granularity (e.g., take discrete rather than continuous val-
ues). For some parameters, the granularity may be an integer
number. For other parameters, values may be a measure, such
as 0.01 micrometer (e.g., um). Device parameters may be
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expressed in terms of other device parameters by mathemati-
cal relationships. The analog circuit may include power cir-
cuits (e.g., devices used as switches or rectifiers in power
electronics), pass circuits, and switching circuits.

[0020] Similarly, a solution space may be defined by (i)
electrical specifications, (ii) process, voltage, and tempera-
ture (PVT) corners, and/or (iii) yield. A notion of Pareto
efficiency may be used when searching for suitable solutions.
A suitable solution may be considered better than another
solution, or Pareto efficient, if the suitable solution performs
better with respect to every specification criterion than the
other solution. Otherwise, the two solutions may be consid-
ered similar. However, in providing circuit designers with
good designs, such designers may naturally rank a particular
solution better than other solutions even if not Pareto effi-
cient. Therefore, a ranking system for the solutions may be
defined that roughly coincides with a natural ordering
imposed by design engineers.

[0021] Referring to FIG. 1, a block diagram of an example
system 50 implementing an analog circuit design optimiza-
tion process in accordance with an example embodiment of
the invention is shown. The system (or environment or appa-
ratus) 50 may be a computer-based system configured for
creating and optimizing analog circuit designs. In various
embodiments, programming code may be implemented that
turns a general purpose programmable computer into a spe-
cial purpose dedicated machine. The system 50 generally
comprises a block (or circuit) 52, a block (or circuit) 54, and
a block (or circuit) 56. The circuit 52 may be implement as a
computer-based circuit. The circuit 52 is generally opera-
tional to interact with analog circuit design files and design
tools to generate a file containing an optimized analog circuit
design. The circuit 54 may implement a user input/output
circuit. The circuit 54 is generally operational to transfer
commands (e.g., key strokes, mouse clicks, stylus move-
ments, etc.) from a designer (or human operator) to the circuit
52. The circuit 54 may also be operational to transfer infor-
mation (e.g., graphic displays, sounds, tables, charts, etc.)
generated by the circuit 52 to the designer. The circuit 56 may
implement one or more non-transitory storage media. The
circuit 56 is generally operational to store the optimized ana-
log circuit design files in a portable format. In some embodi-
ments, the design files may be in a Graphic Database System
11 (e.g., GDSII) format. In other embodiments, the design files
may be netlists and/or schematics. However, other formats
may be implemented to meet the criteria of a particular appli-
cation.

[0022] In various embodiments, the circuit 52 generally
comprises a block (or circuit) 58, a block (or circuit) 60, a
block (orcircuit) 62, and a block (or circuit) 64. The circuit 58
may implement one or more system memory circuits. The
circuit 60 may be implemented as one or more processor
circuits (e.g., CPUs, MPUs, APUs, GPUs, etc), a processor
farm, or shared scalable processing resources of a cloud-
based architecture. The circuit 62 may implement one or
more data memory circuits. The circuit 64 may implement
one or more media drives and/or one or more network inter-
face circuits.

[0023] The circuit 58 is generally operational to store soft-
ware programs (e.g., program instructions) used to program
the circuit 60. In various embodiments, the software pro-
grams generally include, but are not limited to, software
design tools 66, simulation and test tools 68, and design/
GDSII tools 72. In one example, the simulation and test tools
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68 may comprise, but are not limited to: ADE L, XL, and
GXL, part of the VIRTUOSO Analog Design Environment
(ADE) family of products, and independent circuit simulators
from Cadence® Design Systems; HSPICE, FineSim, and
CustomSim, from Synopsys, Inc.; Eldo Classic, Eldo RF,
Analog Fast Spice/Mega RF, and Analog Characterization
Environment from Mentor Graphics; ADS from Agilent
Technologies; behavioral model simulators, SPICE, SPICE-
based, and SPICE-like simulators; etc. In various embodi-
ments, the design/GDSII tools 72 may include, but are not
limited to, Cadence VIRTUOSO layout and schematic editor
& composer, Synopsis Talus, Tanner L-edit, Open source
GDSII software, Mentor Graphics Pyxis Schematic and Lay-
out, layout automation editors, layout visualizers, layout
compactors, layout routers and placement, layout implement-
ers, etc.

[0024] Components in the semiconductor circuits are char-
acterized by dozens of mathematical partial differential equa-
tions. Simulation and test tools 68 are utilized to solve the
mathematical equations and generate an output discernible by
users. The design tool 66 generates several variations of the
circuit to be tested and transfers the circuits to be validated
and characterized using a simulator in the simulation and test
tools 68. Once the equations have been solved and the circuit
functionality has been characterized, the simulator feeds the
data back to the design tool 66. The design tool 66 collates the
results and uses the collated results in driving the optimiza-
tion process in the right direction towards a solution.

[0025] The inputs and outputs to the design tool 66 may
come from an editor where the circuit is laid out. In various
embodiments, the design or schematic which defines the elec-
trical and functional characteristics is the primary source of
input to the software (SW) toolset 66. The SW toolset 66
generates the files utilized to generate circuits from the sche-
matic or design. GDSII tools may facilitate viewing the out-
put of the SW toolset 66 and may impact the direction of the
optimization process in the SW toolset 66. The software
programs within the circuit 58 may be read and executed by
the circuit 60. In some embodiments, the circuit 58 may be
implemented as a hard drive, such as a magnetic hard drive
and/or a flash drive. However, other mass memory/storage
technologies may be implemented to meet the criteria of a
particular application.

[0026] The circuit 60 is generally operational to read, inter-
pret, and execute the software programs and data files stored
in the circuits 58 and 62. The circuit 60 may implement a
reduced instruction set computer (e.g., RISC), a complex
instruction set computer (e.g., CISC) or other standard com-
puter processors.

[0027] The circuit 62 is generally operational to store data
files used by the circuit 60 to generate and optimize designs of
analog circuits. The data files generally include, but are not
limited to, one or more circuit specifications 74, one or more
analog circuit design files 76, and one or more technology
data files 78. The data files within the circuit 62 may be read
from and written to by the circuit 60. In some embodiments,
the circuit 62 may be implemented as a hard drive, such as a
magnetic hard drive, and/or a flash drive. However, other
mass memory/storage technologies may be implemented to
meet the criteria of a particular application. In various
embodiments, the circuit 58 and the circuit 62 are imple-
mented as separate memory/storage devices. In other
embodiments, the circuit 58 and the circuit 62 may be com-
bined into a single mass memory/storage device.
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[0028] The circuit 64 is generally operational to read from
and write to the circuit 56 and/or a network (e.g., a local area
network, a wide area network, the Internet, etc.). The circuit
64 may receive files from the circuit 56 and/or network and
store the received files in the circuits 58 and/or 62. The circuit
64 may also receive files from the circuits 58 and/or 62 and
transfer the received files to the circuit 56 and/or the network.

[0029] Referring to FIG. 2, a diagram is shown illustrating
an example implementation of a processor farm 60'. In some
embodiments, the processor farm (or processor cluster or
server farm or server cluster) 60' may be used to implement
the processor 60 in FIG. 1. In one example, the processor farm
60' may comprise a large number of processors (e.g., hun-
dreds, thousands, etc.) that may be configured to process
analog circuit design information in accordance with the
present invention. In various embodiments, processors (PR)
may be configured to provide massively parallel processing
of'designs (e.g., circuit simulation, circuit verification, circuit
test, etc.). In one example, the processor farm 60' may com-
prise high speed processors connected by either gigabit Eth-
ernet or custom interconnects, such as Infiniband, Myrinet,
etc.

[0030] Referring to FIG. 3, a diagram is shown illustrating
an application in accordance with the present invention
implemented in the context of cloud-based system. A prolif-
eration of smart phones, tablets and the Internet of Things
(IoT) products has increased demand for semiconductor
chips. Companies are under pressure to design electronic
systems faster, better and cheaper. In one example, design
support services may be delivered to electronics and semi-
conductor companies using a cloud-based infrastructure 80.
In one example, an analog circuit optimization process in
accordance with the present invention may be run on one or
more secure cloud-based servers accessible to a user via a
network (e.g., the Internet, a virtual private network, etc.). In
one example, the cloud-based infrastructure 80 may provide
shared scalable resources including, but not limited to web
servers 84, application servers 86, datastores 90, configura-
tion management and monitoring servers 92, and other shared
scalable computing resources 98.

[0031] In various embodiments, a user 96 is connected to
the infrastructure 80 via a network 94. The user 96 may
execute software design tools 82 in accordance with embodi-
ments of the present invention using the cloud-based infra-
structure 80. For example, the web server(s) 84 may be
enabled to utilize electronic design automation (EDA) tools
(e.g., simulation, test, design, and GDSII tools) 88 run on one
or more of the application servers 86. The software tools 82
and the simulation tools 88 may be enabled to use information
stored in one or more of the datastores 90. The EDA tools 88
may be provided by electronic design automation companies
for use by clients via the cloud network. For example, the
application servers may provide a variety of design tools
including, but not limited to a library characterization tool to
create abstract electrical and timing models used by chip
design tools and methodologies, a logic verification tool to
simulate electronic systems described using a hardware
description language (e.g., the RTL, VHDL, Verilog, etc.) and
a circuit simulation tool (e.g., Spice, etc.) that may be used to
check design integrity and predict circuit behavior. The EDA
tools 88 may be available on a shared facility and built on
cloud infrastructure. Because chip designs are highly secretin
nature, the cluster may implement physical and network iso-
lation to protect workloads for enhanced security. The cloud
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services may use single-tenant servers, which means that
clients do not share servers. Firewalls and other technologies
may also be implemented to secure the proprietary data of
each user.

[0032] The cloud computing model has the potential to
satisfy scalability requirements that occur in electronic
design automation. The cloud embodiment may enable users
the flexibility to scale up or down based on demand. Users
also gain other benefits of the cloud, including increased
design productivity, reduced capital expenditure and
increased operation efficiency. With the cloud services, users
may avoid purchasing new hardware, EDA tool licenses, or
data center technology, or even hiring IT staff to manage on
premises environments.

[0033] Referring to FIG. 4, a flow diagram illustrating an
analog circuit design optimization process 100 in accordance
with an embodiment of the present invention is shown. The
process (or technique or method) 100 may be implemented in
the system 50 or the system 80 via computer software and/or
a machine performing the software steps. Optimization gen-
erally refers to a process directed toward modifying a circuit
design to achieve all electrical specification criterion and
regions of operation of the circuit design. The technique may
comprise multiple optimization processes. The optimization
processes may be conducted sequentially or in parallel (e.g.,
concurrently or simultaneously). In one example, optimiza-
tion processes may include, but are not limited to a nominal
optimization process, a corner optimization process, and a
yield optimization process. The nominal optimization pro-
cess generally optimizes the design for a nominal corner (e.g.,
with no process, voltage, or temperature (PVT) variation or
consideration of the yield). The corner optimization process
may optimize the design across all PVT corners. The yield
optimization process may optimize the design based on yield.
[0034] In various embodiments, the process 100 comprises
astep (or state) 102, a step (or state) 104, a step (or state) 106,
a step (or state) 108, a step (or state) 110, and a step (or state)
112. The step 102 may comprise an initialization process. The
step 104 may comprise an evaluation process. The step 106
may comprise a dynamic weighting and ranking process. The
step 108 may comprise a selection process. The step 110 may
comprise a circuit generation process. The step 112 may
comprise an output conversion process.

[0035] Inthestep 102, analog circuit details, specifications,
parameter ranges, granularities, and associated files may be
entered for use in generating an optimized analog circuit
design. In various embodiments, the step 102 comprises a
step (or state) 114, a step (or state) 115, and a step (or state)
116. In the step 114, analog circuit details, specifications,
parameter ranges, granularities, etcetera are entered into the
process 100 from the one or more circuit specifications 74, the
one or more analog circuit design files 76, and/or the one or
more technology data files 78. In the step 115, matched func-
tional components data may be gathered from the one or more
technology data files 78. In the step 116, an initial generation
(population) of diverse random solutions is generated to pro-
vide an initial set of guesses for priming the optimization
process 100. The population of random solutions then grows
as better guesses are made during the optimization process
100.

[0036] In the step 104, the solutions generated in the step
102 are evaluated using an electrical simulator (e.g., one or
more of the simulation/test tools 68) to provide values of
electrical specification criteria (e.g., either for nominal, PVT
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corners, or yield). The step 104 may also provide feedback to
the designers (users) by monitoring log files and output/error
streams of the electrical simulator used. In the step 106, a
dynamic weighting and ranking process may assign optimi-
zation weights to each specification criteria and device
region. The current population of analog circuits (solutions)
may also be ranked in the step 106.

[0037] In the step 108, optimization process or processes
are selected and performed on the population of circuit solu-
tions provided by the step 106. In various embodiments, the
step 108 may comprise a step (or state) 120, a step (or state)
122, a step (or state) 124, and a step (or state) 126. In some
embodiments, an optional step (or state) 128 may also be
implemented. The step 120 may implement a nominal opti-
mization process. The step 122 may implement a corner opti-
mization process. The step 124 may implement a yield opti-
mization process. The step 126 implements a decision
process. The optional step 128 may implement a matching
matrix process. The nominal optimization process 120 gen-
erally optimizes the nominal corner with no process, voltage,
or temperature (PVT) variation or consideration of the yield.
The corner optimization process 122 generally optimizes the
population of solutions across all PVT corners. The yield
optimization process 124 may optimize the population of
solutions based on yield. The optimization processes 120,
122 and 124 may be conducted sequentially or in parallel
(e.g., concurrently or simultaneously). In embodiments
implementing the optional matching matrix process 128, a
matching matrix may be used to match parameters between
similar devices. When implemented, the matching matrix 128
is generally updated each time the dynamic weighting and
ranking process of the step 106 is performed. Depending
upon the particular optimization(s) selected by the user, the
process 100 may perform the optimization process 120 for a
nominal corner (no PVT variations or yield) analysis, the
optimization process 122 for a PVT corner analysis, and/or
the optimization process 124 for a yield analysis. The design
tool software 66 is generally capable of running any combi-
nation of the analysis modules 120, 122, and 124 simulta-
neously.

[0038] Afterthe selected optimization process or processes
have been performed, the process 100 moves to the step 126
and determines whether circuits with acceptable performance
have been found. The determination may be based on pre-
defined criteria or a real-time user input. If acceptably per-
forming circuits have not been found, the process 100 moves
to the step 110. In the step 110, new circuit designs may be
generated based on the results of the matching matrix (if
implemented), nominal analysis process 120, corner analysis
process 122, and/or the yield analysis process 124. The new
circuit designs may become part of a next (or intermediate)
generation (population) of analog circuit designs. The new
generation may be subsequently evaluated in the step 104,
undergo the dynamic weighting and ranking in the step 106,
further selection in the step 108. If the user is only interested
in nominal optimization 120, the process 100 may proceed
straight to the generation of new circuits 110. Otherwise, if
the user is interested in either corner optimization and/or
yield optimization, the corner process 122 and/or yield pro-
cess 124 may be instantiated prior to the generation of the new
circuit designs. The loop comprising the steps 104 to 110 may
continue until a final analog circuit design is created. When
the final analog circuit design is obtained, the process 100
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moves to the step 112, where the final analog circuit design
may be converted into a design file and/or a GDSII file.
[0039] In various embodiments, the inputs and resources
entered in the step 114 generally comprise a set of scripting
files, a set of netlists, a list of devices and respective param-
eters with respective corresponding permitted ranges, a list of
parameters not pertaining to a device, a set of region of
operation criteria for each relevant device (e.g. MOS type
transistors, etc.) and a set of specification criteria. The scripts
are dependent upon the particular electrical simulator used
and provide instruction for the particular simulator in extract-
ing the relevant data from a simulation. There may be a
plurality of scripts each representing a specific test bench that
is used for measuring specifications and for specifying cor-
ners (PVT). Separate scripts for yield simulation may also be
utilized. A set of netlists, each representing a specific test
bench, is used to provide the information on circuit design to
the simulator.

TABLE 1
Device Dev.  Parameter Gran-  Value or
type name name Min Max  ularity expression
PMOS PM1 PMI1 _Length 0.18um 10um 0.01 um
PM1_Width 0.18um 20um 0.01 um
PM1 Fingers 1 10 1
PMOS PM2 PM2_Length PM1_
Length
PM2 Width 2*PMI1_
Width
PM2_Fingers PM1_
Fingers
NMOS NM1 NMI1_Length 018um 5Sum 0.01 um
NMI1_Width 0.18um 10um 0.01 um
NM1 Fingers 4
Capac- Cl1 C1_Length Sum 25um  0.1um
itor C1 Width C1_Length
Resistor R1 R1_Length 1um 100 um 0.1 um
R1 Width 02um 2um 0.01 um
[0040] TABLE 1, above, illustrates an example set of

device-related inputs. For each device, the type, name,
parameters and either the ranges permitted or an expression or
value are entered. For example, an entry for a PMOS device
PM1 specifies Length, Width and Fingers parameters and
respective ranges. An entry for a PMOS device PM2 specifies
the Length parameter be equal to the Length parameter of the
PMOS device PM1, whereas the Width parameter is specified
to be twice that of the Width parameter of the PMOS device
PM1. An entry for an NMOS device NM1 sets the Fingers
parameter to 4. The matching of device parameters is repre-
sented by the step 115.

TABLE 2
Specification Greater Less Pri-
name than than Target ority
PSRR at -90 dB -100 dB 2
DC
PSRR at -90 dB -100 dB 2
200 Hz
Load -35 mV 35 mV 0 mV 3
regulation
VREG sleep 1.6 V 1.8V 3
mode
VREG max 215V 225V 22V 1
Current 25 uA 5 uA 1
no load
Area 40000 sq um 10000 sq um 1
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[0041] An example of the specification information that
may be entered is illustrated in TABLE 2 above. Each speci-
fication specifies a name that coincides with the names of
specifications in the scripts, a set of inequalities that include
either aless than or greater than criterion, or both less than and
greater than criteria. It is these inequalities that the optimiza-
tion process is directed to solving. A target value representing
an ideal value for the specification may also be supplied. A
default value is used if no target is supplied. A priority rep-
resenting the importance of the particular specification to the
designer is also entered (e.g., 1 being most important, 2 less
s0, etc.).

TABLE 3

Region of Operation

Device Device Sub-

type name Cutoff Triode Saturation threshold Breakdown
PMOS PM1 X

PMOS PM2 X X

NMOS NM1 X X X

[0042] An example of the regions of operation input is

shown in TABLE 3 above. In one example, each PMOS and
NMOS type transistor is given a set of allowable regions of
operation. Thus, the PMOS device PM1 is specified to be in
Saturation, the PMOS device PM2 can be in either in Triode
or Saturation, and the NMOS device NM1 can be in either of
Triode, Saturation or Subthreshold.

[0043] Referring to FIG. 5, a detailed flow diagram illus-
trating an example implementation of the randomization
method (or step) 116 of FIG. 4 is shown. The method (or
technique or process) 116 may be implemented in the system
50 or the system 80 via computer software and/or a machine
performing the software steps. The method 116 generally
provides a diverse set of the initial analog circuit designs for
simulation. However, an area specification criterion may
bypass the simulating and thus may be calculated immedi-
ately as the circuit designs are generated. Therefore, an initial
distribution of circuit designs may have areas distributed
about a target area specification. The distribution generally
reduces a search space and provides a better starting position
than other common methods.

[0044] In various embodiments, the method 116 generally
comprises a step (or state) 160, a step (or state) 162, a step (or
state) 164, a step (or state) 166, a step (or state) 168, a step (or
state) 170, a step (or state) 172, a step (or state) 174, a step (or
state) 176, a step (or state) 178, a step (or state) 180, and a step
(or state) 182. In the step 160, upper area target limits, lower
area target limits and a temporary population size may be
selected (or determined or specified) from the data files and/
or user inputs. In the step 162, an area target may be set to the
upper area target limit. In the step 164, a random circuit
design may be generated with a selected parameter kept con-
stant at a predetermined level. The random circuit design step
164 generally produces random circuit designs between the
lower area target limit and the upper area target limit to
encompass circuit designs that meet, or are close to meeting,
the area objective. Furthermore, a principle of the Latin
Hyper Cubes technique may be included to provide a diverse
range for each parameter.

[0045] The method 116 generally follows from an input of
the problems and the resources in the steps 114 and 115 of the
process 100. The step 160 may select the upper area target
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limits and the lower area target limits from which to generate
arandom sample of circuit design solutions. The area may be
defined as a sum of the areas of all devices (e.g., transistors,
traces, capacitors, resistors, etc.) that make up each circuit
design. The user generally supplies an area objective (target)
value such that the total area should be less than the objective
value. For example, the area of randomly generated circuit
designs may range from between a fraction (e.g., 0.85) and a
multiple (e.g., 1.5) of the target area as specified. The lower
area target limit may be specified to be actually achievable by
calculating the size of the smallest possible circuit based on a
minimum dimension setting for each device.

[0046] The parameters for each device are generally
allowed to vary between a lower limit and an upper limit
taking discrete values between the limit boundaries. For
instance, a length of a PMOS transistor, depending upon
technology, may vary between 0.3 um and 10 um with a
granularity of 0.01 um. In practice, the smaller the granularity
the better the performance of the optimization process. For
example, given a parameter (e.g., nf) defining a number of
gate fingers and a parameter (e.g., m) defining a number of
instances (or copies) of a device, if the width of a transistor
device varies between 1.0 um and 50 um, and the m parameter
and the nf parameter are allowed to take integer values
between 1 and 100, the smallest area of the transistor device
may be 0.3 umx1 umx1x1=0.3 square um. Summing across
all devices generally gives a minimum possible area.

[0047] Each circuit design may be considered as having a
set of parameters related to the dimensions of each device in
that circuit design, and other generic parameters as a set of
results for specifications criteria and transistor device
regions. Thus, a circuit design (e.g., C) may contain:

[0048] P,i=l, ..., na setofn parameters
[0049] S;j=1, ..., m a set of m specifications criteria
[0050] R,.k=1,...,rasetofrregions of operation

A Euclidean distance (e.g., d,,,) between two circuits Ca and
Cb may be defined by the following Equation 1:

]1/2 (EQ. 1)

dgp = [an (Pai = Py)*

i=0

[0051] The initialization process may begin by generating
random circuit designs between the lower and upper area
bounds. In practice many (e.g., 100) times more circuit
designs than suitable for the initial breeding population may
be generated. The process may be as follows. For an i
random circuit design, set a maximum area as A, ~((A,-A,)
(i-1)/n), where A, represents the upper area limit, A, repre-
sents the lower area limit, and n represents the total number of
circuits specified. Select a parameter value to keep constant
and set that parameter value at a predetermined level. The
levels chosen may depend upon the number of parameters
available and the total number of circuit designs to be initial-
ized. Generate a random circuit design by randomly selecting
a value for each device parameter, excluding the parameter
held constant, between the minimum and maximum allowed
dimensions using a uniform distribution. Calculate the area of
the resulting circuit design.

[0052] In the step 166, a check of the area may be per-
formed. If the area of the circuit design is less than the area
target, the process 116 proceeds to the step 170. If the area is
larger than the area target, the process 116 proceeds to the step
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168. In the step 168, a parameter is randomly selected,
excluding the parameter held constant, and the value of the
randomly selected parameter is adjusted (e.g., halved) rela-
tive to the smallest allowable dimension. The area of the
circuit design may be calculated again and if determined
smaller than the area target in the step 166, the process con-
tinues to the step 170. If the area remains larger than the area
target, the process of selecting a parameter at random and
adjusting (e.g., halving) until the circuit design meets the area
target criteria (e.g., steps 166 and 168) is repeated. The pro-
cess of selecting a parameter at random for adjustment (e.g.,
halving) as well as fixing a chosen parameter creates circuit
designs that may have high values for some parameters and
low values for others thus creating diversity. In contrast, if all
parameters were reduced simultaneously, the circuit designs
would tend to have uniformly small values for all parameters.

[0053] In the step 170, the circuit designs smaller than the
area target may be added to the temporary population of
circuit designs. A check of the size of the temporary popula-
tion may be performed in the decision step 172. If the tem-
porary population size is less than desired, the area target may
be reduced in the step 174 and the method 116 may return to
the step 164 to generate additional random circuit designs.
Once the intended temporary population size is reached, the
method 116 may continue with the step 176.

[0054] Once the intended number of the initial circuit
designs has been produced (e.g., typically 100 times the size
of' the initial breeding population criterion), the set of circuit
designs may be reduced in the step 176 to provide a diverse
breeding population. The reduction is generally achieved by
selecting a circuit design at random from the temporary popu-
lation to move into the breeding population. In the step 178, a
Euclidean distance may be calculated between the selected
circuit design (now in the breeding population) and all other
candidate circuit designs (in the temporary population). The
circuit design with the greatest distance may be moved from
the temporary population to the breeding population in the
step 180. Distances from the newly added circuit design and
all other circuit designs in the temporary population may be
calculated in the step 178. Each circuit design in the tempo-
rary population may now have two distances calculated from
the two circuit designs added to the breeding population. A
minimum of each of the two distances is determined. The
circuit design with the largest minimum distance is generally
selected to enter the breeding population. The process may be
repeated until the desired breeding population size (e.g., 32
circuit designs) is generated, per the decision step 182. For
situations that include process, voltage and temperature
(PVT) corners, a larger breeding population may be created.
Once the method 116 has finished, the solutions may be
passed to the evaluation step 104. Application of the evalua-
tion step 104 to the circuit designs and use of the circuit areas
to provide a random sample may create a well suited starting
position for optimization. As used herein, a breeding popula-
tion generally refers to a population of circuits waiting for
testing, an overall population generally refers to a population
of circuits that have been simulated, and a temporary popu-
lation refers to any temporary population created for facili-
tating the an optimization process in accordance with an
embodiment of the invention.
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TABLE 4
Device Device Parameter Value or
type name name expression
PMOS PM1 PM1_ Length 2.55 um
PM1 Width 0.65 um
PM1 Fingers 3
PMOS PM2 PM2_ Length PM1_ Length
PM2 Width 2*PM1 Width
PM2 Finger PM1 Fingers
NMOS NM1 NMI1_ Length 4.8 um
NM1 Width 2.1 um
NM1_ Fingers 4
Capacitor C1 C1_Length 12.5 um
C1_Width C1__Length
Resistor R1 R1_Length 56 um
R1 Width 1.2 um
[0055] The information gathered from the initialization

block 102 and the process to generate a set of initial circuit
designs provides the input for evaluation in the block 104. For
each candidate solution, a set of parameter inputs are supplied
using the initialization process. TABLE 4 above provides
examples of parameter inputs. There is one unique set of
inputs for each candidate circuit in the initial set. The infor-
mation on parameters is entered into the scripts and or netlists
modified from those presented in block 114. The precise
insertion of the information depends on the electrical simu-
lator used, but typically comprises a syntax that gives the
parameter name and an associated value or expression. For
instance, using an Ocean simulator the relevant section in the
script may be summarized as follows:

[0056] desvar (“PM1_Length” 2.55)

[0057] desvar (“PM1_Width” 0.65)

[0058] desvar (“PM1_Fingers” 3)

[0059] desvar (“PM2_Length” PM1_Length)

[0060] desvar (“PM2_Width” 2*PM1_Width)

[0061] desvar (“PM2_fINGERS” PM1_Fingers)

[0062] etc.

[0063] The original scripts supplied in the block 114 may

also be modified for each candidate circuit depending upon
the PVT corner or corners selected by changing references to
model files that specify the operational performance of
devices. Yield scripts are modified to provide an initial seed to
generate random process variation and the number of Monte
Carlo runs to perform. The modified scripts and netlists are
presented to the electrical simulator which returns the values
for the specifications for each candidate solution.

TABLE 5
Max-
Device Device  Parameter Minimum  imum
type name name Min Max area area
PMOS PM1  PMI1 Length 0.18um 10 um 0.0324 2000

PM1_Width 0.18um 20 um squm squm
PM1_Fingers 1 10

PM2 Length 0.18um 10 um 0.0324 2000
PM2_Width 0.18um 20 um squm squm
PM2_Fingers 1 10

NMI1_Length 018um 10 um 0.0324 2000
NMI1_Width 0.18um 20 um squm squm

PMOS PM2

NMOS NM1

NM1_Fingers 1 10
Ca- Cl C1 Length Sum 25um 25 sq um 625
pacitor C1_Width Sum 25um squm
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TABLE 5-continued

Max-
Device Device  Parameter Minimum  imum
type name name Min Max area area
Re- R1 R1_Length 1um 100 um 0.2 squm 200
sistor R1 Width 02um 2um sq um
Total 26.172 6825
area sq um sq um
[0064] A numerical example may be used to illustrate the

process of creating an initial breeding population. TABLE 5
above shows ranges, devices and parameters for a hypotheti-
cal circuit design. Furthermore, suppose that the area speci-
fication for this hypothetical design is less than 100 sq um.
The first step is to determine areas within which to produce
circuits. In the step 160, the upper area limit may be set to
twice the specification (e.g. 200 sq um), while the lower limit
may be setto approximately the mid-point between the lowest
possible area and the specification (e.g., approximately 60 sq
um). The step 160 may be completed by setting the size of the
temporary population to 3000.

TABLE 6
Device Device Parameter
type name name Value Area
PMOS PM1 PM1_ Length 8 um 1024 squm
PM1_ Width 16 um
PM1 Fingers 8
PMOS PM2 PM2_ Length 4 um 144 squm
PM2 Width 12 um
PM2_ Fingers 3
NMOS NM1 NMI1_ Length 7 um 119 squm
NM1 Width 17 um
NMI1_ Fingers 1
Capacitor C1 C1 Length 15 um 90 squm
C1 Width 6 um
Resistor R1 R1_Length 10 um 40 squm
R1 Width 4 um
Total area 1417 squm
[0065] Inthestep 162, the process is set to start with an area

target of 200 sq um. TABLE 6 above shows an example initial
circuit generated at random. In the step 164, a parameter is
selected at random to keep constant, that is its value cannot be
altered during the process. For this example, the parameter
PM1_Width is selected. In the step 166, the process moves to
the step 168 as the total area is 1417 sq um which is greater
than the target of 200 sq um.

[0066] Inthestep 168, a parameter, other than PM1_Width,
is chosen at random. For this example, R1_length is chosen
and halved. The resulting circuit now has an area of 1397 sq
um. This process of selecting parameters and halving their
value, but not exceeding the lower limit shown in TABLE 5,
is continued until the circuit is less than 200 sq um. This
circuit is then added to the temporary population.

[0067] In the step 172, if the temporary population size is
less than 3000, the area target is reduced in the step 174. In
one example, the change is accomplished using linear inter-
polation between the lower and upper targets, thus the nth
target would be 200-n*(200-60)/3000. Thus, the 3000th cir-
cuit would need to be less than 60 sq um.

[0068] Once the size of the temporary population reaches
3000, a circuit is chosen at random and moved into the breed-
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ing population. Using Equation 1, the distance between the
chosen circuit and all circuits in the temporary population are
calculated. The circuit in the temporary population with the
largest distance is then moved to the breeding population. The
continuation of the selection of circuits to move to the breed-
ing population is illustrated in TABLE 7 below. In TABLE 7,
the size of the temporary population has been reduced for
simplicity. The distance between each temporary population
member and each breeding population member is calculated.
The smallest distance found for each temporary population
member and all breeding population members is recorded.
The maximum of these shortest distances is chosen as the
selection criterion for moving a member of the temporary
population into the breeding population. Thus, temporary
population member 6 is moved. This process continues until
the specified breeding population size is met. In various
embodiments, the breeding population size is typically cho-
sen to be 32.

TABLE 7
Shortest
Distance to Distance to distance to
breeding breeding any breeding
population population population
member 1 member 2 member
Temporary population 28 15 15
member 1
Temporary population 83 47 47
member 2
Temporary population 5 18 5
member 3
Temporary population 67 35 35
member 4
Temporary population 22 12 12
member 5
Temporary population 73 70 70
member 6
Temporary population 16 42 16
member 7
[0069] Referring to FIG. 6, a detailed flow diagram illus-

trating an example implementation of the dynamic weighting
and ranking method 106 of FIG. 4 is shown. The method (or
technique or process) 106 may be implemented in the system
50 or the system 80 via computer software and/or a machine
performing the software steps. The method 106 generally
comprises a step (or state) 200, a step (or state) 202, a step (or
state) 204, a step (or state) 206, and a step (or state) 208.
[0070] To facilitate an efficient exploration of the search
space and to represent the preferences of the designer, a
dynamic weighting and ranking process may be used. Insome
embodiments, a problem involving multiple objectives (e.g.,
specification criteria) may use a Pareto Ranking system to
rank a fitness of circuit designs and to maintain diversity. In
various embodiments, a current circuit design may only be
ranked above another if the current circuit design is better
with respect to every specification criterion. In other embodi-
ments, the fitness may be measured by a single measure
defined using weights. To maintain diversity and to allow the
process to explore the search space effectively, a system of
dynamic weights is generally used.

[0071] For each circuit design, a set of specification criteria
with target values or ranges may be defined as illustrated by
the following set of Equations 2:

VisU,

or V=L,

or UzVzL; foralli=1,... n, (EQS. 2)
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where V,; may be a value in the specification i, U, may be an
upper limit for the specification i, L, may be a lower limit for
the specification i, and n may be the number of specifications.
For each of the specifications, a set of dynamic weights (e.g.,
W,) may be defined. An initial set of weights (e.g., W, ) is
generally defined in the step 200 and may be set according to
the preferences of the designer (e.g., between 1 for lowest
priority and 4 for highest priority). At the start of the optimi-
zation process, W, may be set to W, ... In various embodi-
ments, the creation of the initial weights may occur prior to
the start of the overall optimization process.

[0072] For each transistor in a circuit design, the designer
may select a given region of operation (e.g., cut off, linear,
saturation, triode, etc.). Therefore, another set of dynamic
weights (e.g., WR,, where j=1, . .., m and m is a number of
region criteria) and a set of initial weights (e.g., WR,,,, ) may
be defined. The achievement of a given region or regions is
generally determined through the voltages associated with a
given device and not just by the discrete region itself. The
process may thus be allowed to use a continuous measure-
ment to distinguish between circuit designs rather than a pass
or fail assessment.

[0073] Inan initial pass of the optimization process, a can-
didate set of circuit designs may be simulated and results
returned in the evaluation phase 104. The dynamic weighting
and ranking process 106 may calculate a score in the step 202
for each circuit design based on the dynamic weights. The
score may be calculated in multiple (e.g., two) parts, once for
the specification criteria and once for the regions separately.
The scores may subsequently be summed. A score fora given
greater-than criteria of a specification may be calculated
according to the following Equation 3:

S V= T(T-Ly), (EQ.3)

where f; may be an intermediate variable, V, may be the value
of specification, T, may a target or ideal value (e.g., 1.15xL,,),
and L, may be the greater-than criteria in the specification. A
score (e.g., S,) may be calculated using the following Equa-
tion 4:

S=—f2x W, if f>0

S=fxW; otherwise. (EQ. 4)

For less-than criteria of the specifications, a score may be
calculated using the following Equation 5:

JAT-VIL=T)), (EQ.5)

where f; may be an intermediate variable, V, may be the value
of the specification, T, may be a target or ideal value (e.g.,
0.85xL,;) and L, may be the greater-than criteria of the speci-
fication. A score (e.g., S;) may be calculated using the follow-
ing Equation 6:

Sy==f2x W if <0
S=fxW; otherwise. (EQ. 6)

[0074] For range specification criteria, the target T, may be
specified as a midpoint between the L, value and the U, value.
If'V,islessthanT,, Equations 3 and 4 may be used to calculate
the score, otherwise the Equations 5 and 6 may be used. Other
equations may be used in calculating the score to meet the
criteria of a particular application. An approach is to penalize
results with a quadratic function if the results fail to meet
specification criteria, but use a linear reward if the results do
meet the specification criteria. As such, results may be pushed
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toward meeting all specification criteria by discouraging
solutions that may exceed a specification criterion by a rela-
tively large amount but fail to meet another specification
criteria by a relatively equally large amount.

[0075] Formulae for calculating the score for device
regions generally depend upon the region specified. For a
device j specified to be in saturation, the formula for an
NMOS transistor is generally given by the following Equa-
tions 7:

p;=VDS-VGSHVIH;

4V GS-VIH,

SR=(p;~q;)xWR; if p;<0 and ¢,>0
SRj:(qj—pj)x WR; if p;>0 and ¢,<0
SR=(py+q;)x WR; otherwise

if SR;>0, then SR;=SR%, (BQS.7)

where p; and g, may be intermediate variables, VDS, may be a
drain-to-source voltage on the device j, VGS, may be a gate-
to-source voltage on the device j, VIH, may be a threshold
voltage on the device j, SR, may be a score for the device j, and
WR; may be a region weight for the device j.

[0076] For a PMOS transistor, the following Equations 8
may be used:

p=IVTH|+VGS~VDS;
q;=-VGS+VTH,
SR=(p;~q;)xWR; if p;<0 and ¢,>0
SR=(q;~p;)*WR; if p>0 and ¢,<0
SRj:(pj+qj)x WRj otherwise

if SR;>0, then SR;=SR*!. (EQS. 8)

For an NMOS device configured to be in a linear region, the
following Equations 9 may be used:

B VGV,
q;==VDS~VGSA+VTH;

SRj:pjx WRj if p;<0 and ¢,>0
SR=(2q,~p;)xWR; if pi>0 and ¢i<0
SRj:(pj+2qj)x WRj otherwise

if SR>0, then SR;=SR,°". (EQS. 9)

For a PMOS device configured to be in the linear region, the
following Equations 10 may be used:

p;=—IVTH,|-VGS,

g~ \VIH+VGS,
SR~p;=4)WR; if p;<0 and ¢,20
SR~(q;~p))WR; if ;>0 and ¢,<0
SRj:(pj+qj) WR ’ otherwise

if SR>0, then SR;=SR,°". (EQS. 10)
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[0077] Similarly to the calculation of scores for specifica-
tions criteria, any scores for devices that are positive (e.g., the
device is in the correct region) may be reduced by a power of
a fraction (e.g., one tenth) less than unity. The reduction is
generally designed to push devices that are in the incorrect
region of operation into the correct region of operation with-
out giving excessively high scores to devices well inside the
intended region.
[0078] An overall score may be calculated as a sum of all
specification scores plus a sum of all device region scores.
The scores may be used to rank the entire population of circuit
designs in the step 204. After the ranking, the dynamic
weights may be calculated as follows. In the step 206, the top
K (e.g., three) circuit designs from the ranking of all circuit
designs may be selected. For each specification criterion and
for each device, the results from each of the K selected circuit
designs may be compared in the step 208. If the specification/
region is not met, the weight may be increased by a factor
(e.g., multiplied by 1.15). The factor may be chosen from
experimentation as best value to use in practice. If the speci-
fication/region is met, the weight may be reduced by factor
(e.g., divided by 1.15). Thereafter, the revised weights may be
checked to see if any are either under the initial starting
weight or above a pre-specified weight limit (e.g., 500,000).
In both cases of under or over, the weight may be set to the
initial weight.
[0079] Specification criteria and/or device regions that are
relatively difficult to obtain relative to other specification
criteria and device regions may receive a higher weight. The
higher weight generally results in good or better values for
such specification criteria, may be pushed higher up the list of
ranked circuit designs, and may have a higher probability of
contributing to the next generation of circuit designs, thus
increasing a probability of good or better results for the speci-
fication criteria in the next generation. A focus of the process
may be continuously changed to ensure diversity and finding
a best path to a solution that meets all the specification criteria
and region criteria. To avoid focusing ever more intently on a
very difficult specification that is not being met, the weights
for such a specification criterion may be reset after a given
period of time in an attempt to focus the search on different
areas of the search space.
[0080] To illustrate the dynamic weighting process, sup-
pose there are three specifications as shown in TABLE 8
below. For each specification the requirements and the ideal
targets are shown which are used to calculate the score in the
step 202 for each of the ten circuits shown. In the step 200, the
initial weights are given as 10. The scores are calculated
according to Equations 2, 3, 4 and 5 above.
[0081] Forcircuit Athe PSRR at DC is a less than constraint
with a requirement of <-90 dB and a target of -100 dB. Thus,
using Equation 4:

FPSRR atDC:(TPSRR atDC™ VPSRR atDC)/(LPSRR at

DC=Fpspr ar pC)

FpsgR a: pc=(—100-(-87))/(-90-(-100)

Fpsgrar pc=1.3.

As this is less than zero the score is determined using Equa-
tion 5 as follows:

— 2

SPSRR at DCi_FPSRR atDC WPSRR atDC
= 2 3%

SpsrR ar pc==(=1.3)*10

SpsrR ar pc=—16.9.
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The score component for VREG sleep mode for circuit A can
be calculated similarly using Equations 2 and 5 to give a score
01'0.75. The score column in TABLE 8 shows the total scores
for each circuit. If regions of operations are being considered
then the scores for each circuit would also include the scores
calculated in Equations 6 and 7 for each device added to the
total score. These scores are used to rank the circuits in the
step 204, from highest to lowest score as shown in TABLE 9.

TABLE 8

Specification

VREG VREG
PSRR at sleep max >2.15
DC <-90 dB mode >1.6 V. V,<2.25V
Target 100 dB Target2 V. Target2.2V  Score

Specification 10 10 10
weight
Circuit A -87 dB 17V 23V -49.4
Circuit B -70 dB 14V 20V -235
Cireuit C -105 dB 15V 22V 17.5
Circuit D -97 dB 1.6V 23V -30.9
Circuit E -81 dB 1.8V 24V -191.1
Circuit F -55 dB 17V 21V -235
Circuit G -72 dB 12V 22V -58.4
Circuit H -98 dB 15V 22V 12.1
Circuit I -86 dB 17V 23V -52.1
Circuit I -50 dB 19V 22V -247.5
TABLE 9

Specification

VREG
PSRR at sleep

VREG
max >2.15

DC <-90dB mode >1.6V  V, <225V

Target 100 dB Target2 V. Target2.2V  Score
Specification 512 12.5 8
weight
Circuit C -105 dB 1.5V 22V 17.5
Circuit H -98 dB 1.5V 22V 12.1
Circuit D -97 dB 1.6V 23V -30.9
Circuit A -87 dB 1.7V 23V -49.4
Circuit I -86 dB 1.7V 23V -52.1
Circuit G -72 dB 1.2V 22V -58.4
Circuit E -81 dB 1.8V 24V -191.1
Circuit B -70 dB 14V 20V =235
Circuit F -55 dB 1.7V 21V =235
Circuit I -50 dB 19V 22V -247.5
[0082] Instep 206 the top K circuits are selected. A typical

value for K is 3. Then, for each specification and each of the
selected circuits the weight for that specification is adjusted
depending on whether the circuit has met the requirement.
The adjustment is geometric and the factor used is typically
chosen at 1.25. Thus for PSRR at DC the comparisons and
decisions are as follows:

[0083] Circuit C —105 dB has met the requirement of
<-90 dB=>weight is reduced by a factor of 1.25=8;

[0084] Circuit H -98 dB has met the requirement of
<-90 dB=>weight is reduced by a factor of 1.25=6.4;
and

[0085] Circuit D -97 dB has met the requirement of
<-90 dB=>weight is reduced by a factor of 1.25=5.12.
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For the VREG sleep mode the comparisons are:
[0086] Circuit C 1.5V has not met the requirement of
>1.6V=>weight is increased by a factor of 1.25=12.5;
[0087] Circuit H 1.5V has not met the requirement of
>1.6V=>weight is increased by a factor of 1.25=15.625;
and
[0088] Circuit D 1.6V has met the requirement of
>1.6V=>weight is reduced by a factor of 1.25=12.5.
[0089] A Similar calculation may be performed for the
VREG max specification to give a new weight of 8. In the next
generations of the process these revised weights are used to
calculate scores and rank circuits. Adjustment of regions of
operation weights follows the same logic.
[0090] Referring to FIG. 7, a detailed flow diagram of an
example implementation of the corner process 122 is shown.
The method (or technique or process) 122 may be imple-
mented in the system 50 or the system 80 via computer
software and/or a machine performing the software steps. The
method 122 generally comprises a step (or state) 240, a step
(or state) 242, a step (or state) 244, a step (or state) 246, a
decision step (or state) 248, a step (or state) 250, a step (or
state) 252, and a step (or state) 254.
[0091] The method 122 generally provides an optimization
across process, voltage and temperature (PVT) corners with-
out evaluating every PVT corner. In the step 240, an initial-
ization of the population may be performed. Prior to the start
of the overall process a set of corner populations (e.g., a
population for each PVT corner) may be created in the step
242. The initial population of circuit designs generated from
the initialization step 102 may be simulated across all PVT
corners in the step 244 and allocated into each of the corner
populations in the step 246. Thus, each corner population may
contain the same set of circuit designs.
[0092] After the initialization, the overall process 100 gen-
erally enters the corner process 122. In embodiments imple-
menting the optional matching matrix, entry to the process
122 is from the matching matrix process 128. For each corner
population, if at least a single circuit design exists that satis-
fies all the electrical specifications and device regions for that
corner per the decision step 248, the process 100 may con-
tinue with the generation of the new circuit designs using the
process 110 in FIG. 4, and set a flag in the step 250 for the
evaluation step 104 to simulate across all circuit designs. The
circuit designs may be ranked according to the dynamic rank-
ing and weighting process 106 for each PVT corner, and
summed over all PVT corners. The loop generally continues
until optimization across all circuit designs is achieved.
[0093] Ifat least one corner population does not contain an
optimized circuit for that corner per the decision step 248, a
list with a same length as the number of new circuit designs to
be created in the generate new circuits process 110 may be
created in the step 252. The list generally contains a random
selection of the corner populations that do not contain an
optimized circuit design. A flag is also set in the step 254 for
the evaluation step 104 to simulate each circuit design only
for the selected corner. Similarly when passing to the generate
new circuit designs process 110, the main population may be
replaced by the selected corner population.
[0094] To demonstrate the functioning of the corner pro-
cess 122, an example is shown in TABLE 10. In this example
there are 2 corners: a Nominal corner and a Slow corner.
TABLE 10 shows the results in step 244 from simulation of all
corners for five circuits following on from the initialization of
the population.
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TABLE 10
Specification
VREG VREG
PSRR at sleep max >2.15
DC <-90 dB mode >1.6V  V, <225V
Cormer Target 100 dB Target 2V~ Target2.2V
Circuit A Nominal -87 dB 1.7V 23V
Slow -83 dB 1.6V 20V
Circuit B Nominal -105 dB 1.5V 22V
Slow -97 dB 1.6V 23V
Circuit C Nominal -61 dB 1.8V 24V
Slow -55 dB 1.7V 2.1V
Circuit D Nominal -88 dB 1.2V 22V
Slow -98 dB 1.5V 22V
Circuit E Nominal -86 dB 1.7V 23V
Slow -50 dB 19V 22V

[0095] In the step 242, two new populations are created
each one representing each of the two corners. Thus, there are
now four populations: the breeding population for storing
circuits prior to simulation; the overall population which
contains circuits that have been simulated across all corners;
the Nominal population that contains circuits that have been
simulated for the Nominal corner; and, the Slow corner popu-
lation containing circuits that have been simulated for the
Slow corner. The Nominal and Slow corner populations are
collectively referred to as the corner populations. In the step
246, the simulated circuits are allocated into the respective
populations. Every circuit shown in TABLE 10 will enter into
the overall, Nominal and Slow populations.

[0096] In the step 248, each of the corner population is
checked for optimized circuits. For the results in TABLE 10,
neither the Nominal or Slow corners contain an optimized
circuit. Therefore, the process 122 proceeds to the step 252
which creates a list of corners such that new circuits entering
the breeding population will only be simulated for a given
corner. This is shown in TABLE 11 together with some hypo-
thetical results. These new circuits will be placed into either
the Nominal or Slow populations but not both as each has
results for only one corner simulated.

TABLE 11

Specification

VREG VREG
PSRR at sleep max >2.15
DC <-90 dB mode >1.6V  V, <225V
Cormer Target 100 dB Target 2V~ Target2.2V
Circuit E Nominal -91dB 1.7V 22V
Slow Not Not Not
simulated simulated simulated
Circuit F Nominal Not Not Not
simulated simulated simulated
Slow -95dB 1.5V 23V
Circuit G Nominal Not Not Not
simulated simulated simulated
Slow -78 dB 1.7V 2.1V
Circuit H Nominal -92dB 14V 22V
Slow Not Not Not
simulated simulated simulated
Circuit Nominal -93dB 1.7V 23V
Slow Not Not Not
simulated simulated simulated

[0097] As canbe seen, circuit E is optimized for the Nomi-
nal corner. Circuit E will then be simulated for the Slow
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corner and will also be placed into the Slow corner population
and the overall population. In the next iteration of the process,
only the Slow corner will be simulated as the Nominal corner
population contains an optimized result. The process contin-
ues until all corner populations contain at least one optimized
solution. Once this is achieved, all corners for each circuit in
the breeding population are simulated.

[0098] Referring to FIG. 8, a detailed flow diagram of an
example implementation of the yield process 124 of FIG. 4 is
shown. The method (or technique or process) 124 may be
implemented in the system 50 or the system 80 via computer
software and/or a machine performing the software steps. The
yield process 124 may be used to optimize a yield (or mini-
mize a failure rate) of a circuit design. A statistical (e.g.,
Monte Carlo) simulation generally operates by varying the
process parameters associated with a circuit design based on
one or more predetermined statistical distributions. If the
circuit design fails to meet the electrical specifications for a
given simulation, the circuit design may be considered as a
failure, otherwise the design may be successtul. The yield is
generally taken as a percentage of successful simulations.
The yield may be measured overall by consideration of all
specification criteria or partial by consideration of individual
specification criterions. The yield process 124 may be trig-
gered if an optimal solution (e.g., typical or PVT) exists that
has not yet failed or passed the yield process. In embodiments
implementing the optional matching matrix, the yield process
124 may be triggered after the matching matrix process 128.

[0099] The method 124 generally comprises a step (or
state) 260, a step (or state) 262, a step (or state) 264, a step (or
state) 266, a step (or state) 268, a step (or state) 270, a step (or
state) 272, and a step (or state) 274. In the step 260, the
process 124 may receive circuit solutions from the main pro-
cess for generating new circuits. Any new solution is gener-
ally marked evaluation (e.g., “EVALUATE”). Each circuit
design may be checked in the decision step 262 for denotation
as EVALUATE. For any optimal circuit design marked
EVALUATE, a small number Monte-Carlo simulations may
be performed and a yield measured in the step 264. If the
circuit design has already been through the step 264 before,
the Monte Carlo runs may be added to previous runs. As more
runs are added, the number added each time generally
increases. [fthe yield ofthe circuit design is below a statistical
threshold, determined in the decision step 266 (e.g., using a
binomial test), the circuit design may be denoted as failed in
the step 268. If the yield is sufficiently high per the decision
step 266, the circuit design may be retained.

[0100] Once a sufficient number of Monte Carlo simula-
tions have built up for a given circuit design per the decision
step 270, the given circuit design may be evaluated using an
extreme value analysis (e.g., EVA). In the step 272, the EVA
may determine an upper confidence interval and a lower
confidence interval for the yield. If the electrical specification
evaluation falls below the lower confidence limit, the solution
may be deemed to have achieved the yield for a given confi-
dence level. If the evaluation falls above the upper limit, the
circuit design has failed. If the evaluation falls between the
lower extreme and upper extremes, the solution may be con-
sidered undetermined and retained for more Monte-Carlo
simulations and testing. In the step 274, the user (designer)
may provide input determining whether the process 124 stops
or continues to loop. Following the yield process 124, the
generate new circuits process 110 may be commenced. Addi-
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tionally the yield process 124 may be used for validation of a
single circuit design in a normal manner by testing at inter-
vals.

[0101] To demonstrate the yield process 124, suppose there
are two optimized circuits that have yet to run any Monte
Carlo simulations; circuits A and B. In the step 260, both
circuits A and B would be directed to the step 262 and a
number of Monte Carlo runs will be simulated. In one
example, the number of runs may be 10. After simulation,
suppose that circuit A has a recorded yield of 70% and that
circuit B has a yield of 100%. Further suppose that the target
yield is 99.86% which corresponds to the standard 3-sigma
requirement. Using appropriately calculated confidence
intervals for each circuit, circuit A is denoted as failed and
circuit B is denoted as undetermined. Circuit A would there-
fore not need any more Monte Carlo simulations and circuit B
would add another 10 Monte Carlo runs. At each addition of
new Monte Carlo runs circuit B would be tested for statistical
validity. If circuit B is not failed and has enough Monte Carlo
runs (e.g., greater than 1000), the Extreme Value Analysis is
used to access the circuit. The result of this analysis could be
passed, failed or undetermined. If undetermined more Monte
Carlo runs will be added to the circuit. Otherwise, if the
circuit is passed or failed no more Monte Carlo simulations
will be added.

[0102] Referring to FIG. 9, a detailed flow diagram illus-
trating an example implementation of the optional matching
matrix method 128 of FIG. 4 is shown. The method (or
technique or process) 128 may be implemented in the system
50 or the system 80 via computer software and/or a machine
performing the software steps. In many situations, good solu-
tions to a problem may be found if some devices are matched.
That is, the lengths, widths and other parameters of the vari-
ous devices are the same (or sufficiently similar to be consid-
ered the same). The designer generally specifies which
devices are matched. However, some potentially beneficial
matching may be missed by the designer. Therefore, a prob-
ability matrix may be used to help match devices.

[0103] In various embodiments, the method 128 generally
comprises a step (or state) 220, a step (or state) 222, a step (or
state) 224, and a step (or state) 226. In the step 220 (which
may occur before the overall process commences), the
devices in a circuit design that can be matched may be iden-
tified. Devices within a given sub-circuit and of a given family
(e.g., NMOS, PMOS, resistor, etc.) are generally matched
with other devices in the given family. From the matching, an
initial probability matrix may be calculated in the step 222.
For each pair of devices that may be matched, each of the
corresponding parameters may receive a probability entry in
the matrix of a predetermined value (e.g., 0.1). All other
entries may be zero. TABLE 12 generally illustrates an
example matching matrix between a transistor device M1 and
a transistor device M2.

TABLE 12

Transistor Device M1 Transistor Device M2

M M
Length Width Param Length Width Param
Trans.  Length 0 0 0 0.1 0 0
Device Width 0 0 0 0 0.1 0
M1 M Param. 0 0 0 0 0 0.1
Trans.  Length 0.1 0 0 0 0 0
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TABLE 12-continued

Transistor Device M1 Transistor Device M2

M M
Length Width Param Length Width Param
Device Width 0 0.1 0 0 0 0
M2 M Param. 0 0 0.1 0 0 0
[0104] Following from the dynamic weighting and ranking

process 106, the results may be analyzed in the step 224. For
each particular pair of parameters that may be matched, the
population of circuit designs may be divided into two groups:
the circuit designs that are matched for the particular pair of
parameters, and the circuit designs that are not matched. If
both groups are sufficiently large for statistical comparison, a
Wilcoxon Signed Rank test may be performed in the step 224
to ascertain whether the matched group is typically higher
ranked than the unmatched group. If the result is statistically
significant, the probability of the two parameters being
matched may be increased. If the result is not significant, the
probability may be reduced. Limits are generally imposed on
aminimum probability (e.g., 0.1) and a maximum probability
(e.g., 0.9) of matching.

[0105] Inthe step 226, the matching matrix may be updated
based on the results. Following the updating of the matching
matrix, the generation of new circuit designs may be per-
formed. The generation of the new circuit designs may be
focused on the corner yield or yield process. During the
generation of the new circuit design process, each new circuit
design may be matched with the probability given in the
matching matrix.

[0106] Referring to FIG. 10, a detailed flow diagram illus-
trating an example implementation of the new circuit design
generation process 110 of FIG. 4 is shown. The method (or
technique or process) 110 may be implemented in the system
50 or the system 80 via computer software and/or a machine
performing the software steps. The process 110 generally
provides a set of new circuit designs for simulation in a next
generation or breeding population. The process 110 may use
one or more methods to ensure diversity and to explore good
solutions locally and globally.

[0107] In various embodiments, the method 110 generally
comprises a step (or state) 280, a step (or state) 282, a step (or
state) 284, a step (or state) 286, a step (or state) 288, a step (or
state) 290, a step (or state) 292, a step (or state) 294, a step (or
state) 296, a step (or state) 298, a step (or state) 300, a step (or
state) 302, a step (or state) 304, a step (or state) 306, a step (or
state) 308, a step (or state) 310, a step (or state) 312, astep (or
state) 314, and a step (or state) 316. In the step 280, the
process 110 may evaluate a current population and select
whether breeding is to be performed for regions or for speci-
fications. When breeding for regions, the process 110 moves
to the step 282. When breeding for specifications, the process
110 moves to the step 302.

[0108] In the step 282, the process 110 allocates circuit for
breeding based on region using the steps 284 through 292. In
the step 302, the process 110 allocates circuit for breeding
based on specification using the steps 304 through 312. In the
steps 284 and 304, a compatibility selection may account for
the generation of several (e.g., 2N out of a total number (e.g.,
10N) of new circuit designs (where N may be 4). In the steps
286 and 306, a normal tournament selection may account for
the generation of several (e.g., 4N in the step 286, 6N in the

12
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step 306) out of a total number (e.g., 10N) of new circuit
designs (where N may be 4). In the steps 288 and 308, a
correlation gradient search may account for the generation of
several (e.g., 2N) out of the total number 10N of new circuit
designs entering the breeding population. In the steps 290 and
310, a normal local search based on perturbing the parameter
values of the top solutions by small amount may account for
the generation of several (e.g., N) out of the total number 10N
of'new circuit designs entering the breeding population. In the
steps 292 and 312, a genetically engineered strategy may
account for the generation of several (e.g., N) out of the total
number 10N of new circuit designs entering the breeding
population.

[0109] In the step 294, circuit designs generated using the
tournament strategy or best compatible strategy (e.g., steps
284,286, 304, and 306) may use recombination and mutation
in a normal method. Some random percentageY (e.g., half) of
the circuit designs may select X percentage (e.g., 50%) of'the
parameters from entire devices to recombine rather than indi-
vidual parameters. In the step 296, a random matching of
parameters may be performed using the genetically engi-
neered strategy or recombination and mutation (e.g., steps
292,294, and 312). In the step 298, the new circuits enter the
breeding population which contains all circuits awaiting
simulation. Upon completion of the process 110, the method
100 may continue with the process 104 to evaluate the new
circuit designs.

[0110] The generation of new circuit designs process 110
may be initiated after the dynamic weighting and ranking
process 106 if nominal optimization is intended. In embodi-
ments implementing the optional matching matrix, the gen-
eration of new circuit designs process 110 may be initiated
after the matching matrix process 128 if nominal optimiza-
tion is intended. If the corner process 122 and/or the yield
process 124 are intended, the corner process 122 and/or the
yield process 124 may be performed prior to generating the
new circuit designs using the process 110. Once finished, the
breeding population, which is generally the set of circuit
designs generated, may be passed on to the evaluation process
104 within the overall method 100.

[0111] Each circuit design may be considered as a set of
parameters related to the dimensions of each device in the
respective circuit design. Other generic parameters may be
considered as a set of results for the specifications and the
transistor device regions. Thus, a circuit design (e.g., C) may
contain:

[0112] Pii=l,...,n asetofn parameters

[0113] Sjj=1,...,m aset of m specifications

[0114] Rkk=l1,...,raset of r regions of operation
[0115] DI1=l, ..., daset of d discrete level parameters.

The parameters may be allowed to vary between an upper
limit and a lower limit, and take values at discrete, regular
intervals defined by a granularity. A Euclidean distance (e.g.,
d,,) between two circuits C, and C, may be defined by the
following Equation 11:

EQ. 11)

1/2
(Pai — Pb;ﬁ]
=0

o3

[0116] A specification criterion generally has either or both
of'an upper limit U, and a lower limit L,. A circuit design may
be said to have satisfied a specification criterion if the value
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for the specification criteria is greater than the lower limit and
less than the upper limit. In a case where only a single limit is
applicable, the circuit design may satisfy the specification
criteria if the value satisfies the single limit.

[0117] In the step 280, the circuit designs for which there
are solutions may be evaluated. Selection of new circuit
designs may be focused either on meeting regions or meeting
specifications. A rule used in practice may be that every other
generation uses the specification-based breeding strategy and
the choice of strategies for the remaining generations are
dependent upon a few (e.g., 2) out of the top several (e.g., 5)
solutions meeting all device region criteria for the use the
specification-breeding strategy.

[0118] Inembodiments implementing the option matching
matrix process 128, the matching matrix may be used to a
priori match parameters for each new circuit design before
generation. The matching matrix generally provides a proba-
bilistic framework to match parameters. If a pair of param-
eters is selected for matching, the new circuit design may
contain the same value for the matched parameters.

[0119] Ifdiscrete level parameters are present, prior to per-
forming a best region/specification strategies (e.g., the steps
284 and 304) or the tournament selection (e.g., the steps 286
and 306), an initial phase may be performed in the steps 282
and 302 to reorder the population of circuit designs. The
reordering may facilitate the selection of suitable parents.
While the levels of the parameters may be numeric, if a large
gap exists between the values the parameters may be consid-
ered as disjointed with no smooth relationship between the
changes in value and the electrical specifications.

[0120] In one example, the procedure may be as follows.
From the population that has been ranked according to the
dynamic weighting and ranking process 106, two circuit
designs may be selected from the top circuit designs (e.g.,
typically the top 30). In some embodiments, a weighted selec-
tion may be used for the selection. In other embodiments, a
random selection may be used. A recombination and mutation
process may be performed for the two circuit designs for the
discrete parameters. Thus, if two discrete parameters both
have four levels A, B, C and D, a circuit design may have AB
selected for the parameters and another circuit design may
have CD. After recombination, the selection may be AD, and
after mutation BD. For every circuit design in the population,
a matching score may be provided such that the score is the
total number of discrete parameters that match the selection.
Thus, CD may score 2, CA may score 1 and BB may score 0
etc. The population may be ranked using the score such that
the circuit designs with the highest scores appear at the top of
the population. Thereafter, the population may be ranked by
the original ranking system. Continuing with the above
example, all circuit designs with CD may be at the top of the
population and then ranked according the original ranking
process. The revised population may be used for selection of
the parents.

[0121] Invarious embodiments, the best region compatible
strategy (e.g., the step 284) and a best specification compat-
ible strategy (e.g., the step 304) may operate as follows.
Select at random a circuit design from the top twenty solu-
tions. For every other circuit design in the population, a new
idealistic hybrid circuit design may be constructed by taking
the best specification of the two circuit designs or best
regions. Taking two circuits C, and C,, a new idealistic circuit
(e.g., C, .z may be constructed thus:
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[0122]

For each specification S; (j=1, . . . , m), S,z
smaxg,.. (S, . S, ), where max,,,. may represent a
function that selects the best value with respect to speci-
fication j from a list of values.
[0123] For each region R, (k=1, . . . , 1), Ry,
=Max,,.,, (R, R, )where max .., may represent
a function that selects the best value with respect to a
given region r criterion from a list of values. Parameters
may be omitted as the specifications and regions may be
of interest in the construction.
A resulting list of idealistic circuit designs may be ranked
using the dynamic weighting and ranking process 106. A
solution may be chosen from the top several (e.g., ten) circuit
designs, and the two circuit designs that formed the idealistic
circuit design, may be chosen for recombination and mutation
to produce a new circuit design for simulation in the breeding
population. Mutation and recombination may be performed
using a normal approach.
[0124] In various embodiments, the correlation gradient
search (e.g., step 288) works as follows. For each of the 2N
highest ranked solutions, determine a nearest group (e.g., 30)
of neighbors based on the Euclidean distance. Calculate a
correlation matrix among the parameter values of the (e.g.,
31) circuit designs and the specifications. A correlation (e.g.,
C,) between parameter and specification j may be calculated
using the following Equation 12:

31 B (EQ. 12)
> P =P - S)
t=1
Cij =
Y 31 31 i 172
Z (P =P ) (S5 =51)
=1 =1
where P, ,may be a value of the i? parameter for the t” circuit,

S, , may be a value of the i specification for the t* circuit, P,
may be a mean value of the i parameter, and S, may be a
mean value of the j specification.

[0125] The input parameters for a new circuit design (e.g.,
C,,..,) may be calculated using the following Equation 13:

m (EQ. 13)
Prew, = Pi + Z ciiD
1

where D represents a step size. The step size may be com-
puted by finding D, ., such that a resulting P, .. ,,,,, is on the
edge of the search space defined by the ranges of device
parameters. A random number (e.g., r) between two bounds
(e.g., 0.67 and 6) may be chosen and D=D,,,./r. A new circuit
design may thus reside outside the permissible values for a
given parameter.

[0126] The new circuit designs may be made discrete such
that the parameters take a discrete value with respect to the
granularity of the parameter by rounding. Any parameter that
falls outside a permissible range may be changed to either the
upper limit or the lower limit, depending on which bound is
violated.

[0127] The genetically engineered (e.g., GenEd) method
(e.g., the steps 296 and 316) may work as follows. For each
specification criterion, select the highest ranked circuit
designs that satisfy the specification criterion. If fewer than a
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few (e.g., 5) such circuit designs exist, the specification cri-
teria may be ignored for the rest of this method. The number
of circuits chosen may be limited to the Z highest ranked
solutions in the population (e.g., Z=30) if the population has
more than Z circuit designs. For each parameter and each
specification for which enough circuit designs have been
selected, compute the standard deviations SD, ; and medians
MED, ;. For each parameter i, find the smallest SD, ; and set
the value of the new circuit design to MED, ;. The parameter
values in the new circuit design may be perturbed. Further-
more, the step 110 may be performed using either the current
dynamic weights or initial weights (e.g., described above in
connection with the dynamic weighting and ranking process
106.

[0128] Inthe step 280, the decision is made to generate new
circuits based on the requirement to satisfy region of opera-
tion requirements or specification requirements. If the first N
(e.g., 10) solutions selected from the overall population (in-
cludes every circuit that has been simulated) does not contain
at least M (e.g., 3) circuits that have satisfied all the region of
operation requirements from the block 114 and the generation
is an even number, new solutions will be generated to satisfy
region of operation requirements, and the process 110 moves
to the step 282. Otherwise the circuits will be generated to
satisfy the specification requirements, and the process 110
moves to the step 302.

[0129] Circuits generated to satisfy region of operation
requirements are distributed proportionately according to
blocks 284, 286, 288, 290 and 292 in a ratio of 2:4:2:1:1.
However, this ratio may be changed. Circuits generated from
blocks 284 and 286 undergo recombination and mutation in
the step 294. Similarly circuits generated for satisfying speci-
fication requirements are proportionately distributed accord-
ing to blocks 304, 306, 308, 310 and 312. Circuits generated
from blocks 304 and 306 undergo recombination and muta-
tion in the step 294. All circuits are subject to the step 296 and
are randomly selected with probability p (e.g., p=0.33) to
undergo matching of device parameters. After generation the
new circuits enter the breeding population (e.g., the step 298),
which contains all circuits awaiting simulation. Once simu-
lated, the circuits join the overall population.

[0130] The random matching of circuit parameters in step
296 may be done as follows. It is advantageous to use the
same dimensions for some similar devices in a circuit, both in
terms of performance with respect to meeting specification
and region of operation requirements and for subsequent
layout of a circuit. Following the procedures described in
blocks 282-294 and 302-312, the step 296 will, for each
circuit, decide randomly if a circuit is to have its parameters
matched. The term matching is defined as setting the param-
eters of different devices to be equal or in a discrete ratio.
Typically the ratios used are 1:1, 1:2, 1:3 and 2:3. However,
other ratios may be used to meet the design criteria of a
particular application. Only equivalent parameters can be
matched. For example, the lengths of two PMOS devices may
be matched, but not the length parameter of a capacitor to the
width of a resistor. The rule for matching such parameters is
to test if the values are within 10% of any of the ratios above.
The procedure is to start with the first device in the list and test
for matching with each subsequent parameter, then select the
second parameter in the list and match with each subsequent
parameter. TABLE 13 shows an example of a circuit that has
been randomly selected for matching at the start of the pro-
cess.
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TABLE 13
Device Device Parameter
type name name Value
PMOS PM1 PMI1_ Length 4.8 um
PM1 Width 2.3 um
PMOS PM2 PM2_ Length 5.0 um
PM2_ Width 4.4 um
PMOS PM3 PM3__Length 0.9 um
PM3_ Width 0.58 um
Capacitor C1 C1 Length 5 um
C1_Width 7 um
[0131] Step 1: select parameter PM1_Length and compare

to subsequent parameters
[0132] PMI1_Length with PM1_Width->no match as
comparing length to width->do not change
[0133] PMI1_Length with PM2_lLength->devices are
both PMOS, both parameters are length, 5 um is within
10% of 4.8 um based on 1:1 ratio->set PM2_ILength=4.8
um
[0134] PMI1_Length with PM2_Width->no match as
comparing length to width->do not change
[0135] PMI1_Length with PM3_lLength->devices are
both PMOS, both parameters are length, 0.9 um is no
within 10% of 4.8 um based on any ratio->do not change
[0136] PMI1_Length with PM3_Width->no match as
comparing length to width->do not change
[0137] PMI1_Length with Cl1_Length->no match as
comparing different devices->do not change
[0138] PMI1_Length with C1_Width->no match as com-
paring different devices->do not change
TABLE 14 shows result of the above step 1.

TABLE 14
Device Device Parameter
type name name Value
PMOS PM1 PM1 Length 4.8 um
PM1_ Width 2.3 um
PMOS PM2 PM2 Length 4.8 um
PM2_ Width 4.4 um
PMOS PM3 PM3 Length 0.9 um
PM3_ Width 0.58 um
Capacitor C1 C1_Length 5 um
C1 Width 7 um
[0139] Step 2: select parameter PM1_Width and compare

to subsequent parameters
[0140] PMI1_Width with PM2_Length->no match as
comparing length to width->do not change
[0141] PMI1_Width with PM2_Width->devices are both
PMOS, both parameters are width, 4.4 um is within 10%
of 2.3 um based on 2:1 ratio->set PM2_Width=4.6 um
[0142] PM1_Width with PM3_Length no match as com-
paring length to width->do not change
[0143] PMI1_Width with PM3_Width->devices are both
PMOS, both parameters are length, 0.9 um is no within
10% of 4.8 um based on any ratio->do not change
[0144] PM1_Width with C1_Length->no match as com-
paring different devices->do not change
[0145] PMI1_Width with C1_Width->no match as com-
paring different devices->do not change
This procedure is repeated up and including the penultimate
parameter. There are no other matches so the final circuit
would contain the parameter values shown in TABLE 15.
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TABLE 15
Device Device Parameter
type name name Value
PMOS PM1 PM1_ Length 4.8 um
PM1 Width 2.3 um
PMOS PM2 PM2_ Length 4.8 um
PM2 Width 4.6 um
PMOS PM3 PM3__Length 0.9 um
PM3 Width 0.58 um
Capacitor C1 C1 Length 5 um
C1_Width 7 um
[0146] The functions and structures illustrated in the dia-

grams of FIGS. 1-8 may be designed, modeled and simulated
using one or more of a conventional general purpose proces-
sor, digital computer, microprocessor, microcontroller and/or
similar computational machines, programmed according to
the teachings of the present specification, as will be apparent
to those skilled in the relevant art(s). Appropriate software,
firmware, coding, routines, instructions, opcodes, microcode,
and/or program modules may readily be prepared by skilled
programmers based on the teachings of the present disclo-
sure, as will also be apparent to those skilled in the relevant
art(s). The software is generally embodied in a medium or
several media, for example a non-transitory storage media,
and may be executed by one or more of the processors. As
used herein, the term “simultaneously” is meant to describe
events that share some common time period but the term is not
meant to be limited to events that begin at the same point in
time, end at the same point in time, or have the same duration.
[0147] While the invention has been particularly shown and
described with reference to embodiments thereof, it will be
understood by those skilled in the art that various changes in
form and details may be made without departing from the
scope of the invention.

1. A method for analog circuit design, comprising the steps

of:

(A) generating a plurality of initial designs of an analog
circuit with a computer;

(B) generating one or more intermediate designs of said
analog circuit based on a selection of a plurality of
characteristics from a subset of said initial designs;

(C) combining said intermediate designs in each corner of
a plurality of process corners, a plurality of voltage
corners and a plurality of temperature corners to estab-
lish an intermediate population of said intermediate
designs; and

(D) searching said intermediate population of said inter-
mediate designs to locate a final design of said analog
circuit that is optimal across all of said corners.

2. The method according to claim 1, further comprising the

step of:

generating an initial population of a plurality of circuits in
each of said corners prior to generating said initial
designs.

3. The method according to claim 2, further comprising the

step of:

simulating said initial population of said circuits in all of
said corners.

4. The method according to claim 3, further comprising the

step of:

allocating a plurality of solutions to each of said corners
based on said simulating of said initial population.
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5. The method according to claim 1, further comprising the
step of:
determining ifall of said corners contain at least one of said
intermediate designs that is optimal.
6. The method according to claim 5, further comprising the
step of:
setting a flag to evaluate all of said intermediate designs in
all of said corners in response to all of said corners
having said at least one of said intermediate designs that
is optimal.
7. The method according to claim 5, further comprising the
step of:
generating a list of random corners that lack at least one of
said intermediate designs that is optimal.
8. The method according to claim 7, further comprising the
step of:
generating an additional one or more of said intermediate
designs of said analog circuit based on one or more
entries in said list.
9. The method according to claim 7, further comprising the
step of:
setting one or more flags to evaluate said intermediate
designs of said analog circuit in only said random cor-
ners.

10. The method according to claim 1, further comprising a
non-transitory storage medium recording a computer pro-
gram comprising the steps of claim 1.

11. An apparatus comprising:

a memory configured to store a plurality of program
instructions to implement an analog circuit design; and

one or more processors coupled to said memory and con-
figured to execute said program instructions, wherein
said program instructions when executed cause said pro-
cessor to perform the steps of:

(A) generating a plurality of initial designs of an analog
circuit;

(B) generating one or more intermediate designs of said
analog circuit based on a selection of a plurality of
characteristics from a subset of said initial designs;

(C) combining said intermediate designs in each corner of
a plurality of process corners, a plurality of voltage
corners and a plurality of temperature corners to estab-
lish an intermediate population of said intermediate
designs; and

(D) searching said intermediate population of said inter-
mediate designs to locate a final design of said analog
circuit that is optimal across all of said corners.

12. The apparatus according to claim 11, wherein said

program instructions further comprise the step of:
generating an initial population of a plurality of circuits in
each of said corners prior to generating said initial
designs.
13. The apparatus according to claim 12, wherein said
program instructions further comprise the step of:
simulating said initial population of said circuits in all of
said corners.

14. The apparatus according to claim 13, wherein said
program instructions further comprise the step of:
allocating a plurality of solutions to each of said corners
based on said simulating of said initial population.
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15. The apparatus according to claim 11, wherein said
program instructions further comprise the step of:
determining ifall of'said corners contain at least one of'said
intermediate designs that is optimal.
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