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Disclosed is a method of generating an integrated circuit
(IC) layout design. An initial layout netlist having a plurality
of original cells is provided. A first original cell within the
initial layout netlist is replaced with a first replacement cell
having a different drive than the first original cell’s drive but
a same replacement delay as the first original cell when the
first original cell is not optimal. The first replacement delay
of a particular cell is the particular cell’s total delay contri-
bution to a particular delay path that includes the particular
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APPARATUS AND METHODS FOR WIRE LOAD
INDEPENDENT LOGIC SYNTHESIS AND TIMING
CLOSURE WITH CONSTANT REPLACEMENT
DELAY CELL LIBRARIES

BACKGROUND OF THE INVENTION

[0001] The present invention relates generally to inte-
grated circuit design. More specifically, the invention relates
to mechanisms for timing optimization.

[0002] FIG. 1 illustrates a conventional integrated circuit
design flow 100. Initially, the circuit’s behavior is described
in a high level language in a design entry procedure 102.
Logic synthesis tools then transform the high level descrip-
tion into a listing of logic cells (logic netlist) and intercon-
nection information in a synthesis procedure 104. The logic
cells correspond to cells within a standard cell library. In
general terms, logic circuit synthesis generates an initial
circuit topology that satisfies the basic logic requirements as
defined by the high level design description. The initial
design can be presented graphically as a schematic and also
in a data file listing the included logic elements and their
interconnections. This data file is generally referred to as a
netlist.

[0003] The timing optimization procedures (106, 110, and
114) are described further below, and a description of such
optimization procedures is skipped for now so as to more
clearly describe the other operations of the design flow. After
synthesis, the cells listed in the layout netlist are obtained
from the standard library and arranged within a design
layout in a placement procedure 108. The placed cells are
then routed together in operation 112. The cells are placed
and routed together into a layout design that is equivalent to
the original design description, as well as the layout design
netlist. Said in another way, the layout netlist (and original
high level description) is in effect transformed into a design
layout having interconnected cells.

[0004] TLogic synthesis tools map functional groups within
the high level description to cells having the same logic
function. The standard cell library typically provides a set of
discrete implementations of each logic function. The differ-
ent implementations of a particular logic function are
designed to drive different capacitive loads while maintain-
ing similar rise/fall times for multiples of a standard load,
usually one, two, and four. Unfortunately, the different
implementations typically have different associated delays.

[0005] Asshown, timing optimization procedures are typi-
cally performed after the synthesis procedure 104, after the
placement procedure 108, and after the routing procedure
112. If timing requirements are not met in any of the timing
optimization procedures (e.g., 106, 110, or 114), the entire
design flow from timing synthesis 104 through timing
optimization 114 are repeated. This reiteration of all or part
of the design flow may occur numerous times until the
timing goals are met. Unfortunately, these reiterations are
usually associated with significant design time and costs.

[0006] The various optimization techniques operate on the
netlist to attain a satisfactory balance between different
requirements. Timing assurance especially depends on the
process technology and placement of the circuit design.
Timing assurance in synthesis has traditionally operated on
a discrete set of cell types with a discrete set of drive
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capabilities. A static timing analysis-based tool is typically
used to select among cells of different drive capabilities.
Two important parameters that control this selection are the
intrinsic load of the cells on the driver cell, which is well
known, and also the load of the interconnect wires, which is
not known until the final layout of the design and strongly
depends on the placement and routing stages.

[0007] Wire load is often estimated in the absence of any
placement and routing information. These estimates are
typically done without any knowledge of the eventual place-
ment of the logic design and, accordingly, deviate signifi-
cantly from the actual loads. This creates what is called the
“timing closure” problem where several iterations are done
between the synthesis-based timing optimization and place-
ment until timing constraints are satisfied. To compensate
for the changes in the wire loads, the most common tech-
niques include replacing an existing cell with one of higher
drive but the same functionality, and duplicating a cell and
splitting the original cell’s load over the resulting pair.

[0008] The netlist changes as the load conditions change.
These changes may require additional cells and the removal
of other cells (e.g., if they are found to be redundant). One
such change usually triggers more changes. There is only a
discrete set of sizes available, and after replacement, signal
delays through the cells are affected differently when they
are replaced with other cells. Changes in sizing of replace-
ment cells vs. replaced cells also impacts the delays of the
cells’ preceding driver cell(s) because of changes in the
input capacitive loading. A replacement cell may have a
shorter delay, but its driver may have a longer delay,
offsetting any gains in the accumulated delay for the path.
The process of finding the right cell is also computationally
expensive, as all drive strength choices are typically tried out
for every stage of the signal path. This makes the use of
more drive strengths in a cell library impractical.

[0009] Various solutions have been proposed for the tim-
ing closure problem, which include better wire load predic-
tion, integrated timing optimization and placement, “logical
effort” and “gain” based timing optimization. The integrated
placement and timing optimization compromises the quality
of both timing and placement. “Logical effort” and “gain”
based optimization over-constrain the placement stage to
produce the right wire loads. These last two approaches
attempt to avoid the computational cost of using discrete
drive strengths by building continuous models of cells,
mapping the delay capabilities of the cells versus their size,
and using the resulting simplified models to solve the timing
optimization problem. After solving the problem using these
simplified models, cells based on continuous parameters are
mapped to discrete components from the cell library. The
wire load values are still required to be known. The quality
of the modeling, mapping delay capabilities versus their
size, and the number of the discrete choices in the library are
critical issues with these approaches. In sum, these two
approaches are often computationally complex and inaccu-
rate.

[0010] Accordingly, there is a need for an improved design
methodology where timing optimization and placement can
be performed independently in the most efficient manner and
an initial timing optimization is performed independently of
the wire loads.
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SUMMARY OF THE INVENTION

[0011] Accordingly, the present invention provides
improved apparatus and methods for generating design
netlists which meet timing and performance specifications of
a circuit design. Preferably, power usage is kept low, and the
design, placement and routing procedures of chip design
flow are kept as independent as possible. These improved
apparatus and methods rely on a special cell library having
the property of constant replacement delays, as defined
below, and preferably a relatively large, but still discrete
choices of drive strengths. A set of logic cells is called a
“family” if each member implements the same logic func-
tion, but the members of a particular family may have
different electrical properties, like signal delays depending
on the drive and load specifications. In one embodiment of
a constant replacement delay cell library, members of each
logic family share the same logic function, and the same set
of replacement delays, which may be different for different
signal paths. Each member of the family is designed to drive
a specific load from a sorted set of uniformly increasing
loads. Replacement delays of each member under this spe-
cific load is the same when the member cell is driven by a
typical driver. A cell family thus has a load range, a set of
fixed replacement delays for the particular load for each
member, and a common set of timing constraints, such as
setup and hold times, corresponding to the worst cases
among the family members. In one example, the number of
cells in each family could be 15-20, in contrast to current
constant output rise/fall time libraries which are about 4-5.
Each member has a “load slack”, which is the difference of
the maximum load range of its family and its “natural load”,
for which it is has been designed and optimized.

[0012] In one embodiment, a design netlist is provided.
For example, the design netlist was generated by using a
high level description language to describe the design cir-
cuit’s behavior and the high level description functions were
then grouped and mapped to standard cells to form the
design netlist. The standard cell library could be a subset of
the special library. Each cell in the netlist could be replaced
with the appropriate member of the logic family depending
on the load it needs to drive. The loads at this point include
only the self loading of the cells themselves due to their
input or gate capacitances. At the end of this process, where
timing requirements and wire loads are ignored, every cell
is matched to its capacitive loading. If the cells are power
optimized, the circuit is the most power efficient implemen-
tation. Each cell is driving its “natural load” and has the
maximum “load slack.” One objective in this embodiment is
to find an implementation which will maximize the “load
slack” for every cell output. If some cells are overloaded,
with little “load slack,” their load can be split either among
more instances of themselves or multiple instances of buff-
ers. In this implementation, one goal is to maximize the load
slack for each cell. This procedure is referred to herein as the
“driver replacement.”

[0013] Timing optimization can be performed on the
resulting netlist after “driver replacement.” Unlike tradi-
tional approaches to timing optimization where the goal is to
find a cell for a particular expected load, one goal of timing
optimization in this embodiment is to find an implementa-
tion which allows for maximum “load slack.”Wire load
constraints are then determined for each of the outputs of the
logic cells within the design netlist. Placement and routing
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is then performed based on the predetermined wire load
constraints to generate the design layout. A second timing
optimization is then performed based on the actual wire
loads resulting from the routing procedure. This procedure
involves replacing a particular cell with another cell from
the same family to drive the total load of gate capacitances
and interconnect wires, and matches the replacement delay
of the original cell with its own replacement delay for the
new total load.

[0014] Since the replacement cell has the same replace-
ment delay as the replaced cell, it is likely that the timing
requirements produced by the first timing optimization are
still being met by the resulting netlist after the second timing
optimization. However, since timing may be affected by the
interconnect effects, variations in the input slopes and varia-
tions in the output drive of the cells, which are all second
order effects, the timing is preferably re-verified. If timing is
still not met, the design layout may have to be adjusted by
further cell replacements.

[0015] In another embodiment, a method of generating an
integrated circuit (IC) layout design is disclosed. An initial
layout netlist having a plurality of original cells is provided.
Afirst original cell within the initial layout netlist is replaced
with a first replacement cell having a different drive than the
first original cell’s drive but a same replacement delay as the
first original cell when the first original cell is not optimal.
The first replacement delay of a particular cell is the par-
ticular cell’s total delay contribution to a particular delay
path that includes the particular cell.

[0016] In another embodiment, the invention pertains to a
computer readable medium containing program instructions
for generating an integrated circuit (IC) layout design. The
computer readable medium includes computer readable
code for providing an initial layout netlist having a plurality
of original cells and for replacing a first original cell within
the initial layout netlist with a first replacement cell having
a different drive than the first original cell’s drive but a same
replacement delay as the first original cell when the first
original cell is not optimal. The first replacement delay of a
particular cell is the particular cell’s total delay contribution
to a particular delay path that includes the particular cell.
The computer readable medium further includes a computer
readable medium for storing the computer readable codes.

[0017] In yet another embodiment, a computer system
operable to generate an integrated circuit (IC) layout design
is disclosed. The computer system includes one or more
processors and one or more memory. At least one of the
processors and memory are adapted to provide an initial
layout netlist having a plurality of original cells and replace
a first original cell within the initial layout netlist with a first
replacement cell having a different drive than the first
original cell’s drive but a same replacement delay as the first
original cell when the first original cell is not optimal. The
first replacement delay of a particular cell is the particular
cell’s total delay contribution to a particular delay path that
includes the particular cell.

[0018] In yet another aspect, the invention pertains to a
method for performing timing optimization. A design netlist
having a plurality of cells and associated timing require-
ments is provided. Timing optimization is performed on the
design netlist by ignoring wire load estimates for each cell
within the design netlist and maximizing load slack associ-
ated with each cell.
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[0019] In another embodiment, the invention pertains to a
method of optimizing a design circuit having a plurality of
cells. The design circuit is associated with timing require-
ments. A constant replacement delay cell library having a
plurality of cell families that each include a plurality of cells
having different load capabilities and a same replacement
delay is provided. A replacement delay of a particular cell
within the constant replacement delay cell library is the
particular cell’s total delay contribution to a particular delay
path that includes the particular cell. The design circuit is
optimized to meet the timing requirements of such design
circuit by replacing one or more cells of the design circuit
with cells from the constant replacement delay cell library.
The design circuit is optimized for power consumption by
replacing one or more cells of the design circuit with cells
from the constant replacement delay cell library.

[0020] In yet another aspect, the invention pertains to a
method for generating a logic family of constant replace-
ment cells. A maximum load, a minimum load, an incre-
mental load, and a single replacement delay are selected for
the family. The single replacement delay for the family may
vary for different signal paths through the cell, but remains
constant across the family. A plurality of standard library
cells to be included within the family are generated. Each
cell has the selected replacement delays, a same logic
function and is capable of driving different loads. The loads
associated with the family cells range from the selected
minimum load through the selected maximum load in incre-
ments of the selected incremental load.

[0021] These and other features and advantages of the
present invention will be presented in more detail in the
following specification of the invention and the accompa-
nying figures which illustrate by way of example the prin-
ciples of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The present invention will be readily understood by
the following detailed description in conjunction with the
accompanying drawings, wherein like reference numerals
designate like structural elements, and in which:

[0023] FIG. 1 is a flowchart illustrating a conventional
integrated circuit design process;

[0024] FIGS. 2A and 2B illustrate the concept of replace-
ment delay in accordance with one embodiment of the
present invention;

[0025] FIG. 3 is a flowchart illustrating a procedure for
generating an integrated circuit layout using a constant
replacement delay cell library in accordance with one
embodiment of the present invention;

[0026] FIG. 4 is a flowchart illustrating the driver reas-
signment procedure of FIG. 3 in accordance with one
embodiment of the present invention;

[0027] FIG. 5 is a flowchart illustrating the load slack
maximizing timing optimization of FIG. 3 in accordance
with one embodiment of the present invention;

[0028] FIG. 6 is a flowchart illustrating the wire load
constraint calculation of FIG. 3 in accordance with one
embodiment of the present invention;

[0029] FIG. 7 is a flowchart illustrating the constant
replacement delay timing optimization of FIG. 3 in accor-
dance with one embodiment of the present invention; and
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[0030] FIG. 8 is a flow diagram illustrating a procedure
for generating a cell for a constant replacement delay cell
library in accordance with one embodiment of the present
invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0031] Reference will now be made in detail to the specific
embodiments of the invention. Examples of these specific
embodiments are illustrated in the accompanying drawings.
While the invention will be described in conjunction with
these specific embodiments, it will be understood that it is
not intended to limit the invention to the described embodi-
ments. On the contrary, it is intended to cover alternatives,
modifications, and equivalents as may be included within
the spirit and scope of the invention as defined by the
appended claims. In the following description, numerous
specific details are set forth in order to provide a thorough
understanding of the present invention. The present inven-
tion may be practiced without some or all of these specific
details. In other instances, well known process operations
have not been described in detail in order not to unneces-
sarily obscure the present invention.

[0032] In general terms, the present invention provides an
initial load independent timing optimization that is per-
formed on an initial circuit design using a specialized cell
library. The specialized cell library contains various logic
cells grouped into families. Each family provides members
that have different load ratings, but the same logic function,
physical footprint, and replacement delay. Additionally, each
member of each family is optimized to drive a certain load
which is referred to herein as the “natural load” of the
member cell. That is, each family contains a plurality of
members capable of driving different loads, but with the
same replacement delay. The load granularity, the minimum
and maximum load, and the number of cells in the family,
and particular replacement delays for various signal paths
between the inputs and outputs of each member are various
design parameters of the cell family. If there are timing
constraints like setup and hold times, the largest values
among all members are assigned to the family. In one
implementation, granularity could be defined as the total
load per fanout, and the number of the cells in the family
could be the maximum fanout.

[0033] Inbrief, FIGS. 2A and 2B illustrate the concept of
replacement delay using a cell 204 which is part of a logic
family. The capacitive load C(1) is an abstraction of the sum
of gate and wire loads the cell 204 needs to drive. The driver
202 represents another cell from the netlist which is driving
the inputs of cell 204. The driver 202 is a buffer which passes
through the ideal input signals supplied by the voltage
source V(pwl). Rise and fall times of the driver 202 can be
controlled by the capacitive load C(s) which represents gate
and wire loads present at the input of the cell 204. The driver
202 and cell 204 is an abstraction of a segment of a signal
path in a circuit design. During timing optimization, both the
cell 204 and driver 202 may need to be replaced with other
equivalent cells to meet timing requirements. The total path
delay t(ac) is the sum of the signal delays through the driver
202, t(ab), and signal delay through the cell 204, t(bc):

[0034] t(ac)=t(ab)+t(bc)
[0035] FIG. 2B illustrates the same circuit as in FIG. 2A,
but the driver 204 and its capacitive load C(1) are removed.
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The signal delay of driver 202 in this case is t(de). The
replacement delay of the cell 204 is defined as:

[0036] t(r)=t(ab)+t(bc)-t(de)

[0037] which is conceptually the sum of the internal signal
delay through cell 204 and the incremental delay it imposes
on its driver 202 as a result of its input capacitance. The
replacement delay is the total delay contribution of the cell
to the path delay, including from itself and from its preced-
ing driver. If cell 204 needs to be replaced because of a
change in the load C(1), the total path delay t(ac) will not
change substantially since the new cell has the same replace-
ment delay as the original. The term “constant” is being used
in an approximate sense. That is, there could be minor
variations within the family in the range of a few picosec-
onds which do not necessarily impact the total signal delay
over a relatively long path. During the cell optimization
stage the choice of the driver cell and its load C(s) impacts
the accuracy of the replacement delays. The replacement
accuracy could be improved by selecting the driver to be a
“typical” driver, and by selecting C(s) to have a typical
fanout load. Deviations around typical behavior usually
cancel each other out improving the reliability of the pro-
cess.

[0038] A cell library with constant replacement delays is
used to generate a circuit layout in contrast to constant
rise/fall time libraries which are conventionally used for this
purpose. In brief, a synthesis is initially performed to satisfy
timing requirements without accounting for wire loads
resulting from a subsequent routing procedure. Wire load
constraints may then be determined for each cell based on
the maximum load its logic family is capable of supporting
without changing the timing of the design. Placement and
routing is performed based on these determined wire load
constraints. After placement and routing, actual wire loads
are calculated and original cells are replaced with new cells
within the family capable of driving the actual wire loads
without changing the timing (i.e. the replacement delay for
the replaced cells remains constant).

[0039] As explained further below, one can keep the
timing of the circuit constant by matching the load with the
appropriate logic cell from a constant replacement delay cell
library. The accuracy of the timing depends on the granu-
larity of the load levels selected. Additionally, since the
number of iterations to do timing optimization is finite, there
can be a relatively high number of cells within each cell
family. In one embodiment, each family has about 15
members, about the maximum fanout expected within the
netlists. One can perform this substitution so long as the total
load, which is the sum of wire load and gate capacitance,
remains within the maximum and minimum load specifica-
tions of the cell family.

[0040] Timing optimization generally involves gradually
replacing cells on a signal path with higher drive members
from the same family. During this process “load slack” may
be reduced, leaving less flexibility to placement and routing
procedures. In order to increase “load slack,” which is the
difference between the maximum load specification for the
cell family and the gate capacitance the member cell needs
to drive, one can employ mirroring, which splits the load to
increase load slack, or insert multiple buffers on a cell’s
output. Larger load slacks allow more freedom to placement
and routing tools, increasing the quality of the placement
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and making it easier to meet timing requirements. Conse-
quently, the present invention may also include timing
optimization techniques that maximize load slack for each
cell.

[0041] FIG. 3 is a flowchart illustrating a procedure 300
for generating an integrated circuit layout in accordance
with one embodiment of the present invention. Initially, a
design is entered in operation 102. In this design entry
procedure 102, a specific integrated circuit (IC) is designed
using any suitable type and number of design techniques.
Typically, a design tool is used to generate a design netlist
or circuit description. The design tool typically includes
mechanisms for arranging graphical representations of spe-
cific functional blocks into an initial design circuit, as well
as mechanisms for representing the initial design with a data
file listing the included logic elements and their intercon-
nections. For example, an IC designer may use preexisting
schematic library blocks to form the IC device using, for
example, electronic design automation (EDA) tools. In some
cases, the IC designer may create the IC or part of the IC
from scratch with the aid of any suitable design system, such
as conventional computer aided design (CAD) tools. For
example, the IC designer may use a schematic CAD tool to
plan the logic diagrams for a particular IC device. Still
further, the IC designer may write a description of the IC
device or portions of the IC device with the aid of a hardware
design language, such as VHDL.

[0042] Synthesis is then performed in operation 304. For
example, the netlist (or circuit description) is then passed to
a synthesis tool which transforms the netlist into a plurality
of standard cells taken from a cell library 350. For example,
an inverter function within the netlist is replaced with a
standard cell inverter from library 350. As standard synthe-
sis tools prefer cell libraries with small families of cells, it
may be preferable to work with a small subset of the cell
library 350 for the sake of efficiency. Design entry and
synthesis can be performed using standard methods irre-
spective of the nature of the cell library 350. Output from
these procedures is a netlist which uses the cells from library
350 and which represents an implementation of the initial
design.

[0043] Driver reassignment then occurs in operation 306.
Driver reassignment 306 generally includes replacing cells
selected by the synthesis tool so that the total gate capaci-
tance seen by each cell is approximately equal to their
“natural load.”Irrespective of the timing requirements, the
circuit netlist after this process is completed has the maxi-
mum “load slack.” It is also the most power efficient
implementation as each cell is matched to its load, assuming
that the cells are power optimized for the particular loads
they are driving. One embodiment of driver reassignment is
described further below with respect to FIG. 4. A load slack
maximizing timing optimization 308 may then be per-
formed. Load slack is defined as the difference between the
maximum load of a cell family, and the current load member
cell needs to drive. Timing of a signal path can be improved
by using higher drive cells from the same family. With a
large number of cells on the path and given a large selection
of cells to use, there are a large number of ways of meeting
the timing requirement. This embodiment of the present
invention starts with a maximum slack implementation
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which may be violating the timing requirements, and
chooses from among all possible implementations one with
the maximum load slack.

[0044] Wire load constraints are then calculated in opera-
tion 310. Maximum and/or minimum wire loads are deter-
mined for each cell output. Additionally, for cells with
multiple outputs, the wire loads may be balanced. One
embodiment of a technique for determining the wire load
constraints is described further below with reference to FIG.
6. After wire load constraints are calculated, placement and
routing 312 occurs. One goal of routing is to generate the
smallest wire loads meeting the previously calculated wire
load constraints.

[0045] Wire load constraints are determined and used so
that replacement cells may be selected after placement and
routing to replace the originally selected cells without any
regard to placement and routing procedures. If the calculated
load constraints are satisfied during placement and routing,
prelayout timing requirements of the logic circuit are most
likely to be met (e.g. during subsequent timing optimization
314).

[0046] A constant replacement delay timing optimization
procedure 314 is then performed. This optimization 314 is
based on the actual loads coming out of the placement and
routing procedure 312. Each original cell in the layout is
replaced with a replacement cell from the constant replace-
ment cell library 350 which has the same replacement for the
total load of gate capacitance and wire loads as the original
cell had with the gate capacitance load only. Preferably, the
cell with the lowest drive that can meet these requirements
is selected as the replacement cell. During this process,
second order effects that may impact the accuracy of the path
delays can be accounted for. These could result from the
finite granularity of the cell library, the distributed nature of
interconnect wire loads, variations in the output drive, and
variations in the input rise/fall times, which may happen as
the cells are replaced. If the path delay exceeds the speci-
fications, beginning with the smallest cells on the path, they
are replaced with higher drive members from the same
family in an incremental layout adjustment operation 316.
One embodiment of constant replacement delay timing
optimization 314 is described further below with respect to
FIG. 7.

[0047] Any suitable technique may be used to give a
starting netlist for the driver replacement procedure. FIG. 4
is a flowchart illustrating the driver reassignment procedure
306 of FIG. 3 in accordance with one embodiment of the
present invention. Initially, each cell in the netlist is replaced
with the smallest cell in its family in operation 402. It is then
determined whether these cells are matching to the load they
are driving, ignoring any wire loads. To accomplish this, the
total input gate capacitance is then calculated for each cell
in the netlist in operation 404. Each driver cell is then
replaced with cell versions matching its calculated load in
operation 406 if the current cell is not matching the calcu-
lated load. It is then determined whether any cells were
replaced in operation 408.

[0048] 1If cells were replaced, operations 404 and 406 are
repeated, wherein total input gate capacitance are calculated
again and cells are replaced to match their loads. If no cells
have been replaced, the new netlist is generated in operation
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410. Loads are recalculated since cell replacements also
impact them. This iterative procedure ends when no cells
have been replaced.

[0049] At the end of this iterative process, every cell
drives its “natural load,” without accounting for wire loads.
If the cells were optimized for power for their “natural
loads,” the netlist represents the most power optimal imple-
mentation of the logic design. In this embodiment, the driver
reassignment process 306 assures that the starting point for
timing optimization is a power optimized netlist. In addition,
all the cells have the maximum load slack. However, at this
point in the design flow, this implementation may not meet
the timing requirements. The bigger the load slack, the easier
it will be to meet timing specifications, and the more efficient
the placement and routing will be. Mirroring and buffering
can be used to increase load slack by reducing the fanout.

[0050] Unlike standard timing optimization techniques
which make assumptions about wire loads at every step of
the process, the techniques of several of the specific embodi-
ments generally ignore wire load. The focus of these tech-
niques is to find an implementation which will maximize
load slack while meeting the timing requirements. This
approach gives the maximum freedom to placement and
routing tools, effectively decoupling them from the timing
requirements.

[0051] Assuming that we have a signal path, which is a
chain of cells along which a signal propagates, FIG. 5 is a
flow chart illustrating the load slack maximizing timing
optimization 308 of FIG. 3 for such path in accordance with
one embodiment of the present invention. This optimization
procedure 308 may, of course, be applied to all paths within
the design netlist. Initially, it is determined whether the
timing goals have been met for the path being optimized in
operation 502. If the timing goals have been met, this
optimization 308 ends. If the timing goals have not been
met, the load slack is calculated in operation 504. For each
cell on the path, a differential delay is calculated which is the
reduction in path delay if the cell were to be replaced by the
next higher drive member of the cell family in operation
506. (The load slack would be reduced as well if the
replacement were actually carried out.) Among all the cells
with the largest load slacks, the one with the largest delay
reduction is selected for replacement in operation 508. The
path delay is then updated in operation 510. The operation
308 for load slack maximizing timing optimization is then
repeated in operation 502 until timing requirements are met.

[0052] In the illustrated embodiment, selecting the cell
with the largest load slack for replacement allows other cells
to conserve their relatively smaller load slack values for
subsequent wire load additions. In other words, only cells
with large load slacks are utilized for timing optimization.
Thus, it is more likely that enough load slack remains for the
replaced cells (as well as for the other non-replaced cells) for
adding wire load during routing. Selecting cells with the
largest differential delay speeds up the optimization process
with least load slack loss. By way of alternative embodi-
ments, cells may be randomly or sequentially selected to be
replaced by higher drive cells until the timing goals are met
without regard to load slacks. Timing closure after place-
ment and routing may be severely impacted.

[0053] Any number and type of situations may be
addressed to determine wire load constraints for a particular
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cell. FIG. 6 illustrates one embodiment of the wire load
constraint calculation 310 of FIG. 3. Wire load constraint
calculations are shown for a single cell. However, this
operation 310 is preferably applied to each cell within the
layout design. After one or more wire load constraint(s) are
determined for a particular cell, a subsequent placement and
routing procedure may then generate a wire load for each
cell that meets its calculated wire load constraint(s).

[0054] In the illustrated embodiment, it is initially deter-
mined whether the particular cell matches its present load in
operation 602. If the cell’s load, excluding wire loads from
subsequent routing, is within the “natural load” range for
this cell, the maximum wire load cannot be more than the
load slack of the cell. In this case maximum wire load
constraint is the difference between the maximum load
specified for the cell family and the total gate capacitance
that the cell is driving in operation 604.

[0055] 1If the cell does not match its load (e.g., the cell is
overdriving), which may have happened as a result of the
load slack maximizing timing optimization procedure, the
replacement delay of the cell is calculated using the gate
capacitance that the cell is actually driving in operation 606.
The replacement delay is calculated since a cell that was
originally selected from a particular family having a par-
ticular replacement delay will have a replacement delay that
is different than its family’s when it is driving significantly
less load than it is designed to drive. The maximum wire
load is then defined as the difference between the load of the
biggest member of the family with the same calculated
replacement delay and the gate capacitances that the current
cell is actually driving in operation 607. This wire load is the
maximum wire load one can accept without impacting the
timing. This maximum is preferably comparable to the
difference between the maximum load of the cell family and
the natural load of the cell. Detailed calculation accounts for
any non-linearity and may allow larger load constraints.

[0056] 1t is then determined whether the total gate capaci-
tance load for the current cell is less than the minimum load
specification of the cell family in operation 608. If this is
true, a minimum wire load constraint is calculated to be
equal to the minimum load specification of the current cell
family minus the total gate capacitance of the current cell it
is driving in operation 610. Minimum wire loads for a cell
family may be necessary as it may not be possible to
implement a constant replacement delay requirement over a
large range of loads. However, by subdividing the load range
and allowing smaller delays for intervals with smaller loads,
multiple cell families can be generated for different load
ranges. In this example, the load constraints include both a
maximum wire load constraint and a minimum wire load
constraint. However, if the total gate capacitance load for the
current cell is not less than the minimum load specification
of its cell family, a minimum wire load is not calculated in
operation 610.

[0057] It then may be determined whether the current cell
has multiple outputs in operation 612. If the cell does not
have multiple outputs, the operation 310 for determining
wire load constraints finishes. If the cell has multiple out-
puts, wire loads are preferably balanced. That is, the same
amount of wire load is added to each output. Accordingly,
the maximum wire load is determined to be equal to the
smallest maximum wire load constraint calculated for the
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multiple outputs of the current cell in operation 614. Addi-
tionally the minimum wire load constraint is preferably set
to the largest minimum wire load calculated for the multiple
outputs of the current cell (assuming that a minimum wire
load was calculated) in operation 616.

[0058] FIG. 7 is a flowchart illustrating the constant
replacement delay timing optimization 314 of FIG. 3 in
accordance with one embodiment of the present invention.
This procedure is illustrated for a single current cell
although it may be applied to each cell of the netlist. In
general terms, an original cell is replaced with another cell
from the cell family with the same replacement delay, and
the replacement cell is capable of driving the original cell’s
present load, including the wire load generated by the
routing process. Initially, it is determined whether the cur-
rent cell is an overdriving cell in operation 702, which may
result from the load slack maximizing timing optimization
procedure.

[0059] If the current cell is an overdriving cell (i.e.,
driving less than its natural load), its replacement delay is
then calculated in operation 708, using the gate capacitance
the cell is actually driving as the load. Total load is then
calculated in operation 710 as the sum of the gate and wire
capacitances. The cell is then replaced with a cell from the
family with the same calculated replacement delay for the
calculated load in operation 712. The timing optimization
314 ends. As a result, the delay of signals passing through
the replaced cell will not change after the replacement.

[0060] 1If the current cell was not an overdriving cell (i.e.,
its load consisting of gate capacitances is comparable to its
natural load within the limits of load granularity of its cell
family), the total capacitance is then calculated for the
current cell in operation 704. This calculated capacitance
load includes both the gate capacitance as well as the wire
capacitance. The current cell is then replaced with a cell
from the current cell family that is designed to drive the
calculated load in operation 706. The operation 314 for
constant replacement delay timing optimization then ends.

[0061] Suitable computer systems for use in implementing
and controlling the methods in the present invention (e.g.,
synthesis, driver reassignments, timing optimization tech-
niques, wire load constrains calculations, etc.) may be
obtained from various vendors (e.g., Silicon Graphics of
Mountain View, Calif. or Sun Microsystems of Sunnyvale,
Calif.) or custom built by a design circuit synthesis system
vendor, such as Synopsis, Inc. of Mountain View, Calif. The
above described techniques may be implemented with any
suitable combination of hardware and software. For
example, the techniques of the present invention may be
implemented with any suitable computer program instruc-
tions that are embedded within any suitable computer read-
able medium.

[0062] Examples of computer readable media include, but
are not limited to, magnetic media such as hard disks, floppy
disks, and magnetic tape; optical media such as CD-ROM
disks; magneto-optical media such as floptical disks; and
hardware devices that are specially configured to store and
perform program instructions, such as read-only memory
devices (ROM) and random access memory (RAM). The
invention may also be embodied in a carrier wave travelling
over an appropriate medium such as airwaves, optical lines,
electric lines, etc. Examples of program instructions include
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both machine code, such as produced by a compiler, and
files containing higher level code that may be executed by
the computer using an interpreter.

[0063] Any suitable techniques may be utilized to generate
a cell library having groups of cells with different drives and
the same replacement delay. FIG. 8 is a flow diagram
illustrating a procedure 800 for generating a constant
replacement delay cell library in accordance with one
embodiment of the present invention. Initially, a seed netlist
is provided in operation 802. The seed netlist is a collection
of transistors and their connectivity which when laid out
implements a certain logic function. Logic function can be
described using any suitable language, such as ACDL 810,
which stands for Advanced Cell Description Language. The
seed netlist may be created using any suitable technique,
such as using schematic capture or entering the netlist
manually. When designed manually, the seed netlist is
generally designed to meet timing and area requirements,
which techniques are well known to those skilled in the art.

[0064] Cell layout is then implemented in operation 804
on the provided seed netlist. Circuit extraction is then
performed on the cell layout in operation 806. Each tran-
sistor is characterized by length 1, width w, the area, perim-
eter and the resistance of their source and drain regions,
which are denoted by ag, a,, py, P, 4 I As the transistor
size changes (1 and w), the parameters ay, a, Py, Ps» La» Iy
change as well. One purpose of using a circuit extractor is
to calculate these parameters as well as the parameters for
interconnect wires connecting the transistors together. These
parameters depend on the layout topology as well as the
sizes of transistors. The bulk of cell design effort is in
determining the transistor sizes to use for a particular timing
specification and generating a compact layout for the cell.

[0065] A circuit optimizer 808 transforms the extracted
circuit into a new netlist 818 which meets the timing
requirements and is power optimized. For example, the
circuit optimizer 808 may be specifically configured soft-
ware tools such as CellOpt™ available from Library Tech-
nologies, Inc. of Saratoga, Calif.

[0066] In one embodiment, the circuit optimizer may be
configured to embed the cell being optimized into an opti-
mization fixture as illustrated in FIG. 2A where the driver
202 is a typical driver with symmetric rise/fall times. Its
output drive strength is preferably close to the output drive
strength of the majority of cells to be designed. Its rise and
fall times can be controlled by the slew 814 input which sets
the values of C(s). Load input 814 sets C(1). The replacement
delays 812 specifies what the replacement delay for various
timing arcs through the cell 204 should be after the transis-
tors have been resized. There could be different delay
requirements for different timing arcs through the cell 204.
All the timing paths (whether they are coupled to the outputs
of cell 204 or not) can be enumerated based on the functional
description of the cell given in ACDL format 810. Internal
signal paths are factors for power reduction, while signal
paths that reach the outputs of the cell are factors for both
power reduction and for meeting the timing goals. Circuit
optimizer 808 uses numeric optimization techniques where
it uses circuit simulator 816 (e.g. SPICE) to measure the
timing and power dissipation of the circuit implementation,
changes the transistor sizes, recalculates their parameters
and simulates again until all the requirements are satisfied.
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Source/drain area and perimeter values may be updated
based on the following extrapolation formulae:

ag=why
agz=why
Pa=ba(wthq)
Ps=by(w+hy)

[0067] where the parameters by, b,, hy, h, can be
calculated using the device parameters of the
extracted circuit 806. They may vary depending on
the layout topology and the extractor used. If the
layout topology and the extractor used do not
change, these equations can accurately track device
parameters as the device sizes change.

[0068] In summary, circuit optimizer 808 produces a new
netlist 818 which meets the timing requirements, optimizes
power, and incorporates layout effects. If it can be laid out
(820) using the original layout topology 804 as the seed
netlist 802, the process 800 finishes. Otherwise, the
extracted circuit netlist may be based on the new layout 820,
and process 800 repeats.

[0069] In order to generate a family of constant replace-
ment delay cells which may be indexed by 1, 2,3 .. ., the
process is repeated by setting C(1) defined (814) to C,, 2C,,
3C,, . . . where C, is the granularity, and may correspond to
typical load per fanout.

[0070] In general terms, a constant replacement delay cell
library family may be created by first selecting a maximum
load that the family is capable of driving. A minimum load
is then selected for the family. An incremental load is then
selected for the family. A single replacement delay value is
then selected for the family. Standard library cells are then
generated for the family. Each cell has the same selected
replacement delay, a same logic function, and is capable of
driving different loads from other cells within the family.
The loads associated with the family cells range from the
selected minimum load through the selected maximum load
in increments of the selected incremental load.

[0071] Although the foregoing invention has been
described in some detail for purposes of clarity of under-
standing, it will be apparent that certain changes and modi-
fications may be practiced within the scope of the appended
claims. It should be noted that there are many alternative
ways of implementing both the process and apparatus of the
present invention. For example, although the above imple-
mentation example describes cells that are first replaced with
cells for power optimization purposes (operation 306) and
then replaced again for timing optimization purposes (opera-
tion 308), a cell may be replaced once with a cell that is
optimized to meet both power and timing requirements.
Accordingly, the present embodiments are to be considered
as illustrative and not restrictive, and the invention is not to
be limited to the details given herein, but may be modified
within the scope and equivalents of the appended claims.

What is claimed is:

1. Amethod of generating an integrated circuit (IC) layout
design, the method comprising:

providing an initial layout netlist having a plurality of
original cells; and
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replacing a first original cell within the initial layout
netlist with a first replacement cell having a different
drive than the first original cell’s drive but a same
replacement delay as a first original delay of the first
original cell when the first original cell is not optimal,

wherein the first replacement delay equals a total delay
contribution to a particular delay path that includes the
first replacement cell and the first original delay equals
a total delay contribution to a particular delay path that
includes the first original cell.

2. A method as recited in claim 1, wherein the first
replacement cell is taken from a constant replacement delay
cell library having a plurality of cell families that each
include a plurality of cells having different load capabilities
and a same replacement delay.

3. A method as recited in claim 1, wherein providing the
initial layout netlist is accomplished by transforming a logic
design netlist or logic design description into the layout
netlist.

4. A method as recited in claim 1, wherein the first
replacement is prior to any routing procedure being per-
formed on the layout netlist, wherein the first replacement
cell is capable of driving the first original cell’s load,
excluding a wire load that is associated with the first original
cell and is introduced by a subsequent routing procedure, the
first original cell not being optimal when it is incapable of
driving its own load, excluding the wire load.

5. A method as recited in claim 1, wherein the first
replacement is accomplished by ignoring a wire load for the
first original cell and maximizing load slack associated with
the first original cell.

6. Amethod as recited in claim 1, wherein the first original
cell is optimal when power consumption is optimized.

7. A method as recited in claim 2, further comprising
providing at least one family of the constant replacement
delay cell library by:

selecting a maximum load for the family;
selecting a minimum load for the family;
selecting an incremental load for the family;

selecting a single replacement delay for the family which
may vary for different signal paths through the cell, but
remains constant across the family; and

generating a plurality of standard library cells to be
included within the family, each cell having the
selected replacement delay and a same logic function
and being capable of driving different loads, wherein
the loads associated with the family cells range from
the selected minimum load through the selected maxi-
mum load in increments of the selected incremental
load.
8. A computer readable medium containing program
instructions for generating an integrated circuit (IC) layout
design, the computer readable medium comprising:

computer readable code for providing an initial layout
netlist having a plurality of original cells;

computer readable code for replacing a first original cell
within the initial layout netlist with a first replacement
cell having a different drive than the first original cell’s
drive but a same replacement delay as a first original
delay of the first original cell when the first original cell
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is not optimal, wherein the first replacement delay
equals a total delay contribution to a particular delay
path that includes the first replacement cell and the first
original delay equals a total delay contribution to a
particular delay path that includes the first original
cell.; and

a computer readable medium for storing the computer

readable codes.

9. A computer readable medium as recited in claim §&,
wherein the first replacement cell is taken from a constant
replacement delay cell library having a plurality of cell
families that each include a plurality of cells having different
load capabilities and a same replacement delay.

10. A computer readable medium as recited in claim &,
wherein providing the initial layout netlist is accomplished
by transforming a logic design netlist or logic design
description into the layout netlist.

11. A computer readable medium as recited in claim &,
wherein the first replacement is prior to any routing proce-
dure being performed on the layout netlist, wherein the first
replacement cell is capable of driving the first original cell’s
load, excluding a wire load that is associated with the first
original cell and is introduced by a subsequent routing
procedure, the first original cell not being optimal when it is
incapable of driving its own load, excluding the wire load.

12. A computer readable medium as recited in claim &,
wherein the first replacement is accomplished by ignoring a
wire load for the first original cell and maximizing load slack
associated with the first original cell.

13. A computer readable medium as recited in claim &,
wherein the first original cell is optimal when power con-
sumption is optimized.

14. A computer readable medium as recited in claim 9, the
computer readable medium comprising: computer readable
code for providing at least one family of the constant
replacement delay cell library by:

selecting a maximum load for the family;
selecting a minimum load for the family;
selecting an incremental load for the family;

selecting a single replacement delay for the family which
may vary for different signal paths through the cell, but
remains constant across the family; and

generating a plurality of standard library cells to be

included within the family, each cell having the

selected replacement delay and a same logic function

and being capable of driving different loads, wherein

the loads associated with the family cells range from

the selected minimum load through the selected maxi-

mum load in increments of the selected incremental
load.

15. A computer system operable to generate an integrated

circuit (IC) layout design, the computer system comprising:

one Or more processors;

one or more memory, wherein at least one of the proces-
sors and memory are adapted to:

provide an initial layout netlist having a plurality of
original cells; and

replace a first original cell within the initial layout
netlist with a first replacement cell having a different
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drive than the first original cell’s drive but a same
replacement delay as a first original delay of the first
original cell when the first original cell is not opti-
mal,

wherein the first replacement delay equals a total delay
contribution to a particular delay path that includes
the first replacement cell and the first original delay
equals a total delay contribution to a particular delay
path that includes the first original cell.

16. A computer system as recited in claim 15, wherein the
first replacement cell is taken from a constant replacement
delay cell library having a plurality of cell families that each
include a plurality of cells having different load capabilities
and a same replacement delay.

17. A computer system as recited in claim 15, wherein
providing the initial layout netlist is accomplished by trans-
forming a logic design netlist or logic design description into
the layout netlist.

18. A computer system as recited in claim 15, wherein the
first replacement is prior to any routing procedure being
performed on the layout netlist, wherein the first replace-
ment cell is capable of driving the first original cell’s load,
excluding a wire load that is associated with the first original
cell and is introduced by a subsequent routing procedure, the
first original cell not being optimal when it is incapable of
driving its own load, excluding the wire load.

19. A computer system as recited in claim 15, wherein the
first replacement is accomplished by ignoring a wire load for
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the first original cell and maximizing load slack associated
with the first original cell.

20. A computer system as recited in claim 15, wherein the
first original cell is optimal when power consumption is
optimized.

21. A computer system as recited in claim 16, wherein at
least one of the processors and memory are further adapted
to provide at least one family of the constant replacement
delay cell library by:

selecting a maximum load for the family;
selecting a minimum load for the family;
selecting an incremental load for the family;

selecting a single replacement delay for the family which
may vary for different signal paths through the cell, but
remains constant across the family; and

generating a plurality of standard library cells to be
included within the family, each cell having the
selected replacement delay and a same logic function
and being capable of driving different loads, wherein
the loads associated with the family cells range from
the selected minimum load through the selected maxi-
mum load in increments of the selected incremental
load.



