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SYSTEM AND METHOD FOR REDUCING RECONFIGURATION

POWER USAGE

FIELD OF THE INVENTION
[0001] The present invention is directed towards placement and routing of configurations
of reconfigurable circuits to optimize power savings.

BACKGROUND

[0002] The use of configurable integrated circuits (“ICs”) has dramatically increased in
recent years. One example of a configurable IC is a field programmable gate array (“FPGA”).
An FPGA is a field programmable IC that often has logic circuits, interconnect circuits, and
input/output (“1/0”) circuits. The logic circuits (also called logic blocks) are typically arranged
as an internal array of repeated arrangements of circuits. These logic circuits are typically
connected together through numerous interconnect circuits (also called interconnects). The logic
and interconnect circuits are often surrounded by the 1/O circuits.
[0003] Figure 1 illustrates an example of a configurable logic circuit 100. This logic
circuit can be configured to perform a number of different functions. As shown in Figure 1, the
logic circuit 100 receives a set of input data 105 and a set of configuration data 110. The
configuration data set is stored in a set of SRAM cells 115. From the set of functions that the
logic circuit 100 can perform, the configuration data set specifies a particular function that this
circuit has to perform on the input data set. Once the logic circuit performs its function on the
input data set, it provides the output of this function on a set of output lines 120. The logic circuit
100 is said to be configurable, as the configuration data set “configures” the logic circuit to
perform a particular function, and this configuration data set can be modified by writing new
data in the SRAM cells. Multiplexers and look-up tables are two examples of configurable logic
circuits.
[0004] Figure 2 illustrates an example of a configurable interconnect circuit 200. This
interconnect circuit 200 connects a set of input data 205 to a set of output data 210. This circuit
receives configuration data 215 that are stored in a set of SRAM cells 220. The configuration
data specify how the interconnect circuit should connect the input data set to the output data set.
The interconnect circuit 200 is said to be configurable, as the configuration data set “configures”
the interconnect circuit to use a particular connection scheme that connects the input data set to
the output data set in a desired manner. Moreover, this configuration data set can be modified by
writing new data in the SRAM cells. Multiplexers are one example of interconnect circuits.

[0005] In some configurable ICs, configurable interconnect and configurable logic
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circuits are arranged in an array with multiple configurable interconnects and/or multiple
configurable logic circuits in a given section of the array. These sections can draw power even
when some of the configurable circuits in the section are not in use. These sections draw even
larger amounts of power when they are being reconfigured; therefore there is a use for methods

and systems that reduce the amount of power drawn by these reconfiguring circuits.
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SUMMARY OF THE INVENTION

[0006] Some embodiments provide an integrated circuit (“IC”) that has configurable
circuits and implements a user designed circuit (“user design’) using those configurable circuits.
The sets of configurations that cause the IC to implement the user design are determined in some
embodiments by a placement and routing process. The placement and routing process generates a
layout. The layout is used (during the runtime of the IC) to set configuration values that
implement the user design. The configurable circuits of some embodiments include circuits that
are reconfigurable circuits that are reconfigured cyclically. The ICs of some such embodiments
implement the user design at one frequency of operations, but reconfigure the reconfigurable
circuits at a higher frequency of operations. That is, the reconfiguration cycles of such ICs are
implemented in multiple sub-cycles in one user design cycle. Thus, in each clock period of the
user design, the integrated circuit runs multiple configurations in different reconfiguration
cycles.

[0007] In the ICs of some embodiments, configuration cells store the configuration
values that set the configurations of the reconfigurable circuits. In such embodiments, a
reconfigurable circuit is initially connected to one set of configuration cells. The reconfigurable
circuit is reconfigured when the reconfigurable circuit’s connection to one set of configuration
cells is terminated and a connection between the reconfigurable circuit and another set of
configuration cells is established (e.g., by a “select driver” as described below).

[0008] During the operation of the IC of some embodiments, when a reconfigurable
circuit switches from one configuration cell to another configuration cell, the act of switching
consumes energy. Even switching between two configuration cells that both have the same
configuration value consumes some amount of energy. Switching between configuration cells
with different configuration values (sometimes called “toggling”) consumes more energy than
switching between configuration cells that store the same value. Accordingly, reducing the
amount of toggling performed during the operation of an IC results in reducing the energy
consumption. The amount of toggling performed during the operation of the IC depends on the
number of times the configuration values of the reconfigurable circuits in the IC change from
one reconfiguration cycle to the next reconfiguration cycle.

[0009] As mentioned above, the layout for the IC determines the configuration values in
cach reconfiguration cycle. A layout can include a different set of configuration values for a
given reconfigurable circuit in adjacent reconfiguration cycles. A layout can also include the
same set of configuration values for a given reconfigurable circuit in adjacent reconfiguration

cycles. Therefore, the layout determines how many times each configuration value will toggle
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during the implementation of the user design on the IC. Placement and routing processes
(performed by programs) generate layouts in some embodiments. Accordingly, to reduce energy
consumption during operation of the IC, some embodiments provide placement and routing
programs that design layouts that reduce the amount of toggling performed during operation of
the IC.

[0010] The reconfigurable circuits of some embodiments are grouped into sets of
reconfigurable circuits called “rows”. The rows of some embodiments each contain multiple
reconfigurable circuits (although the reconfigurable circuits in the rows of some embodiments
may not be physically aligned with each other). Each of the reconfigurable circuits in a row is
selectably connected to multiple sets of configuration cells.

[0011] “Select drivers” of the ICs of some embodiments determine which of the multiple
sets of configuration cells will provide configuration values to each reconfigurable circuit in a
row. Each select driver is associated with a particular row of reconfigurable circuits in some
embodiments. A particular select driver includes select lines for sending configuration signals to
all the reconfigurable circuits in its associated row at the same time. In a given reconfiguration
cycle, each of the select drivers of some such embodiments provide a configuration signal that
causes one of the multiple different sets of configuration cells of each reconfigurable circuit to
communicatively connect to the reconfigurable circuit. In some embodiments, each select driver
changes the active select line in each reconfiguration cycle (e.g., each sub-cycle of a user design
clock cycle).

[0012] As previously mentioned, switching from one set of configuration cells to another
set of configuration cells consumes energy. For example, in embodiments that provide ICs with
select drivers, changing the active select line from one set of configuration cells to another
consumes energy. In fact, such a change of active select lines consumes energy even when all the
configuration cells in the first set of configuration cells store the same configuration values as the
corresponding configuration cells in the second set of configuration cells (i.e., when no
configuration values toggle). Therefore, energy can be saved by not changing the active select
line. Accordingly, the ICs of some embodiments contain gating circuits that selectively prevent
select drivers from changing the active select line in some reconfiguration cycles. Selectively
preventing a select driver from changing the active select line is sometimes referred to as “gating
the select driver”, “gating a reconfiguration signal”, or “clock gating”.

[0013] When a gating circuit permits a select driver to change the active select line from
one reconfiguration cycle to the next reconfiguration cycle, the reconfigurable circuits in the row

associated with that select driver are communicatively connected to a different set of
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configuration cells in each reconfiguration cycle. However, when a gating circuit prevents a
select driver from changing the active select line from one reconfiguration cycle to the next
reconfiguration cycle, the reconfigurable circuits in the row associated with that select driver are
communicatively connected to the same set of configuration cells in both reconfiguration cycles.
Therefore, gating the select driver of a row causes all of the reconfigurable circuits in that row to
have the same configuration in both of the reconfiguration cycles. The gating circuits of some
embodiments can gate a sclect driver in multiple sequential reconfiguration cycles. In such
embodiments, gating the select driver of a row for multiple reconfiguration cycles causes all of
the reconfigurable circuits in that row to have the same configuration in all of those multiple
sequential reconfiguration cycles.

[0014] As previously mentioned, the ICs of some embodiments are used to implement
user designs. The user designs are implemented by setting particular configuration values for
various reconfigurable circuits of the IC in particular reconfiguration cycles. If implementing the
user design requires a change in the configuration of at least one reconfigurable circuit in a row
during a given reconfiguration cycle, then gating the select driver during that reconfiguration
cycle would prevent the implementation of the user design. Therefore, the methods of some
embodiments gate the select driver of a row if the user design can be implemented without
changing the configuration of that row during that reconfiguration cycle but do not gate the
select driver in reconfiguration cycles in which any circuit driven by that select driver requires
reconfiguration.

[0015] In some embodiments, there are at least three conditions in which the user design
can be implemented without changing the configuration of any reconfigurable circuit in a
particular set of sequential reconfiguration cycles. The first condition is when the output values
of all the configurable circuits in that row are irrelevant (e.g., the configuration is a “don’t care”
configuration) to the operation of the user design during that reconfiguration cycle. The second
condition is when the same set of configurations is required for all reconfigurable circuits in a
row in sequential reconfiguration cycles. The third condition is when all the configurations of
the reconfigurable circuits in the row are cither don’t care or required to be the same in
sequential reconfiguration cycles. When any of these three conditions are met, the row is
“empty” for that reconfiguration cycle and a select driver for the “empty” row can be gated
without disrupting the implementation of the user design. The term “empty row”, as used herein,
sometimes refers to a row for which no reconfiguration is necessary (in a particular
reconfiguration cycle) in order for the IC to implement the user design. For brevity, the term

“empty row” is used when referring to the row and the particular reconfiguration cycle in which
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the row does not need to be reconfigured. However, one of ordinary skill in the art will
understand that the reconfigurable circuits that make up an “empty row” (in a particular
reconfiguration cycle) may be reconfigured (i.e., the same reconfigurable circuits provide non-
empty rows) in other reconfiguration cycles.

[0016] It is possible for the placement and routing processes of the computer programs of
some embodiments to incidentally generate empty rows in the course of generating a layout of
some embodiments. In some embodiments, such processes are “aware” of (i.c., contain data
identifying) which reconfigurable circuits are in which rows of the IC. Therefore, the placement
and routing process of such embodiments can identify the empty rows. Such a placement and
routing process configures the gating circuits of such embodiments to block the reconfiguration
signal in the reconfiguration cycles in which the rows are empty.

[0017] In addition to the incidental occurrence of empty rows, empty rows can also be
deliberately produced by placement and routing processes of some embodiments. That is, some
embodiments provide placement and routing processes that are designed to increase the number
of empty rows when generating a layout to implement a user design on an IC. The placement and
routing processes of some embodiments place configuration values for the configurable circuits
in a layout based on a cost system that takes various factors into account. The placement and
routing processes of some embodiments increase the cost of placing a configuration that will
result in any reconfigurable circuit in a row requiring reconfiguration from one reconfiguration
cycle to a subsequent reconfiguration cycle. Similarly, placement and routing processes in some
embodiments decrease the cost of placing a configuration that will not result in reconfiguration
(of any reconfigurable circuit in a row) from one reconfiguration cycle to a subsequent
reconfiguration cycle.

[0018] Some embodiments provide a post-placement and routing process that increases
the number of empty rows, cither as a supplement to, or instead of an initial placement and
routing process (such as the placement and routing process described above) that increases the
number of empty rows (i.c., rows in which no circuit requires reconfiguration in one or more
sequential reconfiguration cycles). Such post-placement and routing processes modify an
existing layout in order to increase the number of empty rows. Regardless of whether empty
rows are generated in an initial placement and routing process or in a post-placement and routing
process, the empty rows allow the gating of reconfiguration signals without disrupting the
implementation of the user design.

[0019] The preceding Summary is intended to serve as a brief introduction to some

embodiments of the invention. It is not meant to be an introduction or overview of all inventive
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subject matter disclosed in this document. The Detailed Description that follows and the
Drawings that are referred to in the Detailed Description will further describe the embodiments
described in the Summary as well as other embodiments. Accordingly, to understand all the
embodiments described by this document, a full review of the Summary, Detailed Description
and the Drawings is needed. Moreover, the claimed subject matters are not to be limited by the
illustrative details in the Summary, Detailed Description and the Drawing, but rather are to be
defined by the appended claims, because the claimed subject matters can be embodied in other

specific forms without departing from the spirit of the subject matters.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The novel features of the invention are set forth in the appended claims. However,
for the purpose of explanation, several embodiments of the invention are set forth in the

following figures.

[0021] Figure 1 illustrates an example of a configurable logic circuit.

[0022] Figure 2 illustrates an example of a configurable interconnect circuit.

[0023] Figure 3 illustrates a configurable circuit arrangement/architecture of some
embodiments.

[0024] Figure 4 provides one possible physical architecture of tiles of the configurable

IC of some embodiments.
[0025] Figure 5 illustrates a possible physical architecture of a small group of tiles that is

used in some embodiments.

[0026] Figure 6 conceptually illustrates an example of a sub-cycle reconfigurable IC.
[0027] Figure 7 illustrates an example of a reconfigurable logic circuit of some
embodiments.

[0028] Figure 8 illustrates circuits for driving select lines of multiplexers that select

configurations of configurable circuits.

[0029] Figure 9A illustrates a single-stage multiplexer used to provide configuration
data to a particular configuration bit in some embodiments

[0030] Figure 9B illustrates an alternative embodiment of a multiplexer with added
buffering inverters at its outputs.

[0031] Figure 10 conceptually illustrates the energy consumed in implementing one
configuration bit for one sub-cycle.

[0032] Figure 11 illustrates configurations of a reconfigurable LUT maintaining the
same configuration from one sub-cycle to the next.

[0033] Figure 12 illustrates configurations of a reconfigurable LUT that reconfigures
from an AND-gate to an OR-gate.

[0034] Figure 13 illustrates configurations of a reconfigurable LUT that reconfigures
from an AND-gate to a NAND-gate.

[0035] Figure 14 illustrates configurations of a reconfigurable LUT that reconfigures
from an AND-gate to an AND-gate acting on different inputs of the LUT.

[0036] Figure 15 conceptually illustrates a placement process that gives preference to
similar configurations in successive sub-cycles.

[0037] Figure 16 conceptually illustrates a routing process that gives preference to
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similar configurations in successive sub-cycles.
[0038] Figure 17 illustrates multiple configurations for unused sub-cycles that minimize

configuration bit changes.

[0039] Figures 18A and 18B illustrate increasing the cost of reconfiguring in an empty
row.
[0040] Figure 19A illustrates a set of circuits for driving select lines of a one-hot

multiplexer that selectively maintains the select line of a previous sub-cycle.

[0041] Figure 19B illustrates an alternate set of circuits for driving select lines that
allows the user design to unilaterally block reconfiguration of a row of circuits.

[0042] Figure 20 illustrates another embodiment of circuits for driving select lines of a
one-hot multiplexer that selectively maintains the select line of a previous sub-cycle.

[0043] Figure 21 illustrates a process of some embodiments that reduces the number of
configuration changes for previously placed rows of circuits.

[0044] Figures 22 and 23 illustrate part of a layout of planned configurations before and
after the planned configurations of LUTs in the layout are swapped.

[0045] Figure 24 illustrates gating of a reconfiguration signal of a reconfigurable circuit
without filling in unused configurations in the layout.

[0046] Figure 25 illustrates gating of a reconfiguration signal of a reconfigurable circuit
after filling in unused configurations in the layout.

[0047] Figure 26 conceptually illustrates moving configurations from almost empty rows
to almost full rows.

[0048] Figure 27 conceptually illustrates post-processing moving of configurations to
unconfigured tiles.

[0049] Figure 28 conceptually illustrates a process that implements multiple features of

the embodiments described herein.

[0050] Figure 29 illustrates a portion of a configurable IC of some embodiments of the
invention.

[0051] Figure 30 illustrates configurable nodes receiving configuration data sets through
I/O circuitry

[0052] Figure 31 illustrates a system on chip (“SoC”) implementation of a configurable
IC.

[0053] Figure 32 illustrates a system in a package (“SiP”).

[0054] Figure 33 conceptually illustrates an example of a computing system used for

implementing the ICs of some embodiments.
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DETAILED DESCRIPTION

[0055] In the following description, numerous details are set forth for purpose of
explanation. However, one of ordinary skill in the art will realize that the invention may be
practiced without the use of these specific details. For instance, not all embodiments of the
invention need to be practiced with the specific number of bits and/or specific devices (e.g.,
multiplexers) referred to below. In other instances, well-known structures and devices are shown
in block diagram form in order not to obscure the description of the invention with unnecessary
detail.

L OVERVIEW

[0056] Some embodiments provide an integrated circuit (“IC”) that implements a user
designed circuit (“user design”) using configurable circuits. The sets of configurations that cause
the IC to implement the user design are determined in some embodiments by a placement and
routing process. The placement and routing process generates a layout for an IC by “placing”
configurations that are used to implement the user design on available configurable circuits in a
simulation of the IC. When a configuration has been “placed” in a configurable circuit in the
layout, that circuit is no longer available. The routing process then routes connections between
the circuits in which the configurations have been “placed”. The layout is used (during the
runtime of the IC) to set configuration values that implement the user design. The IC of some
embodiments includes circuits that are reconfigured multiple times during the runtime of the IC.
During the runtime of the IC, the IC reconfigures such circuits at a reconfiguration frequency,
providing a new configuration for each reconfigurable circuit as often as once per
reconfiguration cycle. The placement and routing process of such embodiments can “place”
different configurations on the same reconfigurable circuit in different reconfiguration cycles.
The reconfigurable circuits of some such embodiments are reconfigured cyclically. The IC uses
such reconfigurable circuits to implement the user design at a lower frequency of operations than
the reconfiguration frequency. Thus, in each clock period of the user design (sometimes called a
“cycle” or a “user clock cycle”), the IC runs multiple reconfiguration cycles (sometimes called
“sub-cycles”).

[0057] The reconfigurable circuits of some embodiments are configured using
configuration values stored in sets of configuration cells. Each set of configuration cells stores a
configuration for one reconfigurable circuit. The reconfigurable circuits of such embodiments are
selectively connected to the sets of configuration cells. In any given sub-cycle, each
reconfigurable circuit is communicatively connected to one set of configuration cells out of

multiple sets of configuration cells associated with that reconfigurable circuit. A reconfigurable
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circuit is reconfigured when its connection to one set of configuration cells is terminated and a
connection with another set of configuration cells is established. Terminating one such
connection and establishing another is sometimes referred to as switching between configuration
cells.

[0058] The reconfigurable circuits of some embodiments are communicatively connected
to a different set of configuration cells in each different sub-cycle in a given user clock cycle. For
example, the reconfigurable circuit of some embodiments is communicatively connected to one
set of configuration cells in a first sub-cycle, communicatively connected to a second set of
configuration cells in a second sub-cycle, and so on. In other embodiments, a reconfigurable
circuit may be communicatively connected to one set of configuration cells in more than one
sub-cycle in a given user clock cycle.

[0059] During the runtime of a reconfigurable IC, switching from a configuration cell
that stores one value to a configuration cell that stores a different value consumes more energy
than switching between configuration cells that store the same value. Accordingly, the placement
and routing programs of some embodiments are designed to reduce the number of times that
configuration bits switch from one value to a different value in the course of reconfiguring the
IC. A reduced number of configuration bit changes from one sub-cycle to the next in the layout
results in reduced energy consumption when the layout is implemented on the IC. Accordingly,
the placement and routing processes of some embodiments account for whether adding a
configuration to a reconfigurable circuit (e.g., a configurable look-up table (LUT)) in a given
sub-cycle will entail flipping a configuration bit (also called “toggling the configuration value).
Such placement and routing processes reduce the numbers of configuration bits that flip from
one sub-cycle to the next by placing similar configurations in adjacent sub-cycles. In some
embodiments, the placement and routing processes lower the “cost” of placing similar
configurations or increase the cost of placing dissimilar configurations.

[0060] Select drivers in some embodiments reconfigure the reconfigurable circuits. Such
select drivers reconfigure the circuits by providing configuration signals that cause different sets
of configuration cells to communicatively connect to a particular configurable circuit. Individual
select drivers in some embodiments provide reconfiguration signals for (“drive”) multiple
reconfigurable circuits. The multiple reconfigurable circuits driven by a given select driver are
aligned in a row on a tile of the IC of some embodiments. Accordingly, a group of
reconfigurable circuits driven by a given select driver are sometimes referred to herein as a
“row” of circuits. Although some embodiments provide individual select drivers that drive the

configurations of multiple physically aligned reconfigurable circuits, one of ordinary skill in the
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art will understand that other embodiments provide select drivers that drive multiple
reconfigurable circuits that are not physically aligned. Accordingly, the term “row” as used
herein refers to any set of reconfigurable circuits driven by a common select driver, not just
reconfigurable circuits that are both driven by a common select driver and physically aligned.
[0061] Select drivers in some embodiments ordinarily reconfigure their associated rows
(change the active select lines for the rows) in each sub-cycle. However, changing from one
active select line to another active select line consumes energy. For example, energy can be
consumed to turn one select line on and another select line off (e.g., by changing the voltages of
the select lines). Therefore, the ICs of some embodiments contain circuits that selectively
prevent a select driver from changing the active select line in some sub-cycles. When the active
select line is unchanged, the reconfigurable circuits of some embodiments are communicatively
connected to the same set of configuration cells for multiple sub-cycles. Accordingly, blocking
the reconfiguration keeps the configuration of the reconfigurable circuit the same from one sub-
cycle to the next. Preventing a configuration signal from changing is sometimes referred to as
“clock gating”, “gating the select driver”, “reconfiguration signal gating”, or simply “gating”.
Circuits that selectively stop the reconfiguration of reconfigurable circuits are sometimes
referred to herein as “gating circuits”.

[0062] Gating is appropriate only under certain conditions. Gating a select driver causes
the reconfigurable circuits driven by that select driver to maintain the same active configuration
from one sub-cycle to the next. The active configuration of a reconfigurable circuit affects the
output value of that reconfigurable circuit. Providing the wrong active configuration can result in
a wrong output value. In some cases, the configuration determined by the layout for one sub-
cycle may not be the same as the configuration determined by the layout in the following sub-
cycle. Accordingly, if the layout for implementing the user design requires that a reconfigurable
circuit has different configurations in two consecutive sub-cycles, then keeping the same
configuration (for that reconfigurable circuit) from one sub-cycle to the next could cause the
reconfigurable circuit to produce the wrong output. Therefore, the gating circuits of some
embodiments block reconfigurations (changes of the select lines of a particular select driver)
only in sub-cycles in which no circuit driven by that select driver requires reconfiguration. Rows
that have sub-cycles in which no circuit in that row needs to be reconfigured are sometimes
called “empty rows”.

[0063] Rows can be “empty” under various different conditions, as described below. One
way for a row to be empty is if all the reconfigurable circuits in the row are unused in a particular

sub-cycle. As mentioned above, the placement and routing processes “place” configurations that
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are used to implement the user design. The configurations are “placed” on the reconfigurable
circuits in available sub-cycles. The placement and routing processes define the configuration for
the reconfigurable circuit in that sub-cycle. When a reconfigurable circuit has not had a
configuration defined for it in a given sub-cycle, the “configuration” of the reconfigurable circuit
in that sub-cycle is not used to implement the user design and is sometimes called a “don’t care”
or “logical don’t care” configuration. The configurations are called “don’t care” because the
operations of the user design don’t “care” about the configuration of that circuit in that sub-cycle
(i.e., the results of the overall user design are not affected by the output of that circuit in that sub-
cycle). A row is considered empty when all reconfigurable circuits in the row have “don’t care”
configurations.

[0064] Rows of some embodiments are also considered “empty rows” (in a particular
reconfiguration cycle) when some or all of the configurable circuits in that row are “matching”
configurations (in consecutive reconfiguration cycles). In some embodiments, when two
configurations are “matching” configurations, the reconfigurable circuits of the row have the
same configuration values in the same relative positions in two or more consecutive
reconfiguration cycles. That is, in order to implement the user design, the reconfigurable circuits
of a row use the same (matching) configurations from one reconfiguration cycle to the next.
[0065] In addition to “empty rows” that are all “don’t care” configurations or all
matching configurations, rows in some embodiments are considered “empty rows” (in a later
reconfigurable cycle of two or more consecutive reconfiguration cycles) when some of the
configurations for the row are matching and the rest of the configurations are “don’t care” in one
or the other (or both) of two consecutive reconfiguration cycles. In some embodiments described
herein, a row of some embodiments is described as an “empty row” if it is “empty” in at least
one sub-cycle, although a particular “empty’” row might or might not be empty in all sub-cycles.
[0066] Some embodiments provide placement and routing processes that identify empty
rows (e.g., rows with all “don’t care” configurations or a mixture of “don’t care” and matching
configurations) and defines (in the layout) configuration values that cause the gating circuits to
gate the select driver of those rows (i.c., prevent reconfiguration of the rows in the sub-cycles in
which the rows are empty). The ICs of such embodiments implement the configurations in the
layout and gate the reconfiguration signals of the designated select drivers in the designated sub-
cycles. The reconfigurable circuits during a sub-cycle that correspond to an empty row can
simply maintain the previous configuration (without affecting the user design), because the user
design “doesn’t care” about the configuration of any of the reconfigurable circuits in the row.

Alternately, the reconfigurable circuits during a sub-cycle that correspond to an empty row can
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simply maintain the previous configuration (without affecting the user design), because the
configurations of the reconfigurable circuits in the row are supposed to be the same in both sub-
cycles. Similarly, the reconfigurable circuits during a sub-cycle that correspond to an empty row
can simply maintain the previous configuration (without affecting the user design), because some
configurations are “don’t care” and some are matching configurations.

[0067] In addition to identifying empty rows, the placement and routing processes of
some embodiments are designed to increase the number of rows that are empty in various sub-
cycles. That is, the placement and routing processes arrange (or rearrange) the configurations in
the layout to increase the number of empty rows. In addition to or instead of a placement and
routing process that increases the number of empty rows, some embodiments provide a post-
placement and routing process that (further) changes the layout to increase the number of empty
Tows.

[0068] For the unused (don’t care) sub-cycles of rows of reconfigurable circuits of some
embodiments, the placement and routing processes define configurations in the layout for at
least some reconfigurable circuits in order to make the configurations of the reconfigurable
circuits in that sub-cycle match the configurations of the same reconfigurable circuits in a
previous or later sub-cycle. These configurations of the reconfigurable circuits are not used to
implement the user design in the particular sub-cycles in which the user design “doesn’t care”
about the output of the reconfigurable circuits. Instead, these configurations are provided to
allow gating of the reconfigurations in order to conserve power. Power is conserved because the
IC that implements the layout consumes less energy when configuration values for a
reconfigurable circuit match from one sub-cycle to the next. That is, when the IC is running, the
select driver could activate the next set of configuration cells, but because the configurations
have been made identical in both sub-cycles, the reconfiguration is unnecessary and can be
gated.

[0069] The description herein often refers to sub-cycles, however one of ordinary skill in
the art will understand that the inventions described with respect to sub-cycles can be used with
other reconfiguration cycles that are not sub-cycles. The values stored in the configuration cells
may be referred to as “configuration bits” or “configuration data”. The configuration data
intended to be used in a particular sub-cycle may be referred to as the configuration data “for”
that sub-cycle or the configuration data “of” that sub-cycle. Similarly, the configuration cells that
are intended to be active during a given sub-cycle are sometimes referred to as the configuration
cells “for” or “of” that sub-cycle. However, in some embodiments, each set of configuration cells

stores its respective configuration data during all sub-cycles, not just in the sub-cycles in which
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the configuration data stored in those configuration cells are used.

[0070] As mentioned above, some embodiments provide a placement and routing
computer program that generates a layout for configuring and reconfiguring the integrated
circuit. Such a layout contains a set of configuration bit values for the reconfigurable circuits of
the integrated circuit. The layouts of some particular embodiments potentially include different
sets of configuration bits for each sub-cycle for a given reconfigurable circuit. However, one of
ordinary skill in the art will understand that in such embodiments, the layout does not necessarily
have to define configurations for every reconfigurable circuit in every sub-cycle.

[0071] The following sections further describe the above concepts. Section II provides
descriptions of some examples of the architectures of such ICs. Section III describes some
examples of reconfigurable IC architecture. Section IV describes reduction of energy based on
reducing the amount of toggling. Section V describes reconfiguration signal gating. Section VI
describes placement and routing processes that increase the number of rows that can be gated (in
various sub-cycles). Section VII describes electronic systems that use such configurable ICs.

I CONFIGURABLE IC ARCHITECTURE

[0072] An IC is a device that includes numerous electronic components (e.g., transistors,
resistors, diodes, etc.) that are embedded typically on the same substrate, such as a single piece
of semiconductor wafer. These components are connected with one or more layers of wiring to
form multiple circuits, such as Boolean gates, memory cells, arithmetic units, controllers,
decoders, etc. An IC is often packaged as a single IC chip in one IC package, although some IC
chip packages can include multiple pieces of substrate or wafer.

[0073] A configurable IC is an integrated circuit that has configurable circuits. A
configurable circuit is a circuit that can “configurably” perform a set of operations. Specifically,
a configurable circuit receives a configuration data set that specifies the operation that the
configurable circuit has to perform in the set of operations that it can perform. In some
embodiments, configuration data is generated outside of the configurable IC. In these
embodiments, a set of software tools typically converts a high-level user design (e.g., a circuit
representation or a hardware description language design) into a set of configuration data bits
that can configure the configurable IC (or more accurately, the configurable IC’s configurable
circuits) to implement the user design.

[0074] Examples of configurable circuits include configurable interconnect circuits and
configurable logic circuits. A logic circuit is a circuit that can perform a logical operation on a
set of input data that it receives. A configurable logic circuit is a logic circuit that can be

configured to perform different logical operations on its input data set.
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[0075] A configurable interconnect circuit is a circuit that can configurably connect an
input set to an output set in a variety of ways. An interconnect circuit can connect two terminals
or pass a signal from one terminal to another by establishing an electrical path between the
terminals. Alternatively, an interconnect circuit can establish a connection or pass a signal
between two terminals by having the value of a signal that appears at one terminal appear at the
other terminal. In connecting two terminals or passing a signal between two terminals, an
interconnect circuit in some embodiments might invert the signal (i.c., might have the signal
appearing at one terminal inverted by the time it appears at the other terminal). In other words,
the interconnect circuit of some embodiments implements a logic inversion operation in
conjunction to its connection operation. Other embodiments, however, do not build such an
inversion operation in some or all of their interconnect circuits.

[0076] The configurable IC of some embodiments includes configurable logic circuits
and configurable interconnect circuits for routing the signals to and from the configurable logic
circuits. In addition to configurable circuits, a configurable IC also typically includes non-
configurable circuits (e.g., non-configurable logic circuits, interconnect circuits, memories, etc.).

[0077] In some embodiments, the configurable circuits might be organized in an
arrangement that has all the circuits organized in an array with several aligned rows and
columns. In addition, within such a circuit array, some embodiments disperse other circuits (e.g.,
memory blocks, processors, macro blocks, IP blocks, SERDES controllers, clock management
units, etc.). Figure 3 illustrates a configurable circuit arrangement/architecture of some
embodiments.

[0078] The architecture of Figure 3 is formed by numerous configurable tiles 305 that
are arranged in an array with multiple rows and columns. In Figure 3, cach configurable tile
includes a configurable three-input (look-up table) LUT 310, three configurable input-select
multiplexers 315, 320, and 325, and two configurable routing multiplexers (MUXes) 330 and
335. ICs of different embodiments have different numbers of configurable interconnect circuits
(e.g., routing MUXes 330 and 335). For instance, some embodiments may have eight
configurable interconnect circuits while others may have more or fewer such circuits. For each
configurable circuit, the configurable IC 300 includes a set of storage elements (e.g., a set of
SRAM cells) for storing a set of configuration data bits. Note that storage elements may
alternatively be referred to as storage circuits or configuration cells.

[0079] In the ICs of some embodiments, the logic circuits are look-up tables (LUTS)
while the interconnect circuits are multiplexers. Also, in the ICs of some embodiments, the LUTs

and the multiplexers are sub-cycle reconfigurable circuits (sub-cycles of reconfigurable circuits
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may be alternatively referred to as “reconfiguration cycles”). The IC of some of such
embodiments stores multiple sets of configuration data for a sub-cycle reconfigurable circuit, so
that the reconfigurable circuit can use a different set of configuration data in different sub-cycles.
Some examples of reconfigurable circuits are described in section III. Other configurable tiles
can include other types of circuits, such as memory arrays instead of logic circuits.

[0080] In Figure 3, an input-select multiplexer (also referred to as an “IMUX”’) 315 is an
interconnect circuit associated with the LUT 310 that is in the same tile as the input select
multiplexer. One such input select multiplexer receives several input signals for its associated
LUT and passes one of these input signals to its associated LUT. In some embodiments, some of
the input-select multiplexers are hybrid input-select/logic circuits (referred to as “HMUXs”)
capable of performing logic operations as well as functioning as input select multiplexers. An
HMUX is a multiplexer that can receive “user-design signals” and configuration data along its
select lines.

[0081] A user-design signal within a configurable IC is a signal that is generated by a
circuit (e.g., logic circuit) of the configurable IC. The word “user” in the term “user-design
signal” connotes that the signal is a signal that the configurable IC generates for a particular
application that a user has configured the IC to perform. User-design signal is abbreviated to user
signal in some of the descriptions in this document. In some embodiments, a user signal is not a
configuration or clock signal that is generated by or supplied to the configurable IC. In some
embodiments, a user signal is a signal that is a function of at least a portion of the set of
configuration data received by the configurable IC and at least a portion of the inputs to the
configurable IC. In these embodiments, the user signal can also be dependent on (i.e., can also be
a function of) the state of the configurable IC. The initial state of a configurable IC is a function
of the set of configuration data received by the configurable IC and the inputs to the configurable
IC. Subsequent states of the configurable IC are functions of the set of configuration data
received by the configurable IC, the inputs to the configurable IC, and the prior states of the
configurable IC.

[0082] In Figure 3, a routing multiplexer (also referred to as an RMUX) 330 is an
interconnect circuit that at a macro level connects other logic and/or interconnect circuits. In
other words, unlike an input select multiplexer in these figures that only provides its output to a
single logic circuit (i.e., that only has a fan out of 1), a routing multiplexer in some embodiments
either provides its output to several logic and/or interconnect circuits (i.c., has a fan out greater
than 1), or provides its output to at least one other interconnect circuit.

[0083] In some embodiments, the RMUXSs depicted in Figure 3 form the routing fabric
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along with the wire-segments that connect to the RMUXs, and the vias that connect to these wire
segments and/or to the RMUXs. In some embodiments, the routing fabric further includes
buffers for achieving one or more objectives (e.g., to maintain the signal strength, reduce noise,
alter signal delay, etc.) with respect to the signals passing along the wire segments.

[0084] Various wiring architectures can be used to connect the RMUXs, IMUXSs, and
LUTs. Several examples of the wire connection scheme are described in U.S. Patent 7,295,037
entitled “Configurable IC with Routing Circuits with Offset Connections”, issued on November
13, 2007, which is incorporated herein by reference.

[0085] In some embodiments, the examples illustrated in Figure 3 represent the actual
physical architecture of a configurable IC. However, in other embodiments, the examples
illustrated in Figure 3 topologically illustrate the architecture of a configurable IC (i.c., they
conceptually show the configurable IC without specifying a particular geometric layout for the
position of the circuits).

[0086] In some embodiments, the position and orientation of the circuits in the actual
physical architecture of a configurable IC are different from the position and orientation of the
circuits in the topological architecture of the configurable IC. Accordingly, in these
embodiments, the IC’s physical architecture appears quite different from its topological
architecture. For example, Figure4 provides one possible physical architecture of the
configurable IC 300 illustrated in Figure 3.

[0087] Having the aligned tile layout with the same circuit elements illustrated in
Figure 4 simplifies the process for designing and fabricating the IC, as it allows the same circuit
designs and mask patterns to be repetitively used to design and fabricate the IC. In some
embodiments, the similar aligned tile layouts not only have the same circuit elements but also
have the same exact internal wiring between their circuit elements. Having such layout further
simplifies the design and fabrication processes as it further simplifies the design and mask
making processes.

[0088] Some embodiments might organize the configurable circuits in an arrangement
that does not have all the circuits organized in an array with several aligned rows and columns.
Therefore, some arrangements may have configurable circuits arranged in one or more arrays,
while other arrangements may not have the configurable circuits arranged in an array.

[0089] Some embodiments utilize alternative tile structures. For instance, Figure 4
illustrates an alternative tile structure that is used in some embodiments. Tile 400 has two sets
435 of four-aligned LUTs along with their associated IMUXs. The tile 400 also includes six sets
440 of RMUXSs and five banks of configuration RAM storage 445. The configuration of each
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configurable circuit (e.g., the configurable circuits of a particular set 435 of four-aligned LUTs
and associated IMUXs) is changed by receiving different configuration data sets from the
configuration RAM 445 at different clock cycles. At a particular clock cycle, one set of bits of
configuration data is supplied to a set 435 of LUTs and associated IMUXSs. The tile 400 has ST-
gen circuits 450 for providing sub-cycle clock signals to each set of configuration RAM 445.
These sub-cycle clock signals trigger circuit elements to reconfigure during the operation of the
IC. Examples of circuits that provide configuration data to configurable circuits of some
embodiments are provided in section 111, below.

[0090] As mentioned above, the configurable routing fabric of some embodiments is
formed by configurable RMUXSs, along with the wire segments that connect to the RMUXs, vias
that connect to these wire segments and/or to the RMUXs and buffers that buffer the signals
passing along one or more of the wire segments. In some embodiments, configuring the
configurable routing fabric to route signals in a desired manner entails supplying RMUXSs of the
configurable routing fabric with the appropriate configuration data.

[0091] One of ordinary skill in the art would appreciate that other organizations of LUT
tiles may also be used in conjunction with the invention and that these organizations might have
fewer or additional tiles. Some embodiments use multiple clusters of tiles like the tile in
Figure 4. For example, Figure S illustrates another tile structure 500 that is used in some
embodiments. The tile structure 500 includes four smaller tiles that are each similar to the tile
structure of Figure 4, but have some additional features. Tile structure 500 includes conduits
510, ST-gen circuits 520, and static memory 530. Conduits 510 introduce delay when
performing a storage operation. ST-gen circuits 520 provide sub-cycle clock signals to each set
of configuration RAM 445. Static memory 530 stores data. In some embodiments, conduits 510
are implemented as single edge-triggered flip-flops. In some embodiments, multiple conduits
510 are chained together to provide longer delays, as necessary. In some embodiments, conduits
510 are readable, writeable, and/or stream-able from the secondary circuit structure.

[0092] In some embodiments, some or all of the conduits 510 are separate from the
RMUXs of the routing fabric and are instead at other locations in the routing fabric (e.g.,
between the wire segments connecting to the outputs and/or inputs of the RMUXs). For instance,
in some embodiments, the routing fabric includes a parallel distributed path for an output of a
source routing circuit to a destination circuit. A first path of the parallel distributed path, directly
routes the output of the source routing circuit to a first input of the destination circuit. A second
path running in parallel with the first path passes the output of the source routing circuit through

a user design system element before reaching a second input of the destination circuit. The
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storage clement stores the output value of the routing circuit when enabled. In some
embodiments, the second path connects to a different destination component than the first path.
When the routing fabric includes buffers, some of these embodiments utilize these buffers as
well to build such conduits 510. Conduits 510 are further described in PCT Publication WO
2010/033263 published on March 25, 2010, which is incorporated herein by reference. The
illustrated tile structure 500 shows two sets of 64x2 conduit rows 510 on each of the four smaller
tiles of the tile structure 500. However, some embodiments have one 64x2 conduit row on each
of the four smaller tiles of the tile structure 500.
[0093] In some embodiments, the ST-gen 520 circuits provide one set of sub-cycle clock
signals per row of configuration RAM. In some such embodiments, multiple types of circuits are
driven by a single set of clock signals. In other embodiments, the ST-gen 520 circuits provide
multiple sets of clock signals per physical row of configuration RAM. In some embodiments
cach provided set of clock signals is provided for one or more type of circuits, but not all types
of circuits. For example, some embodiments provide one set of clock signals for LUTs and their
associated IMUXs, and a second set of clock signals for RMUXSs, whose configuration data is in
the same row as the configuration data of the LUTs/IMUXGs.
III. RECONFIGURABLE IC ARCHITECTURE

A, Reconfigurable Circuits
[0094] Some embodiments provide an IC with configurable circuits that change their
configurations (“reconfigure”) during the runtime of the IC. In some embodiments, these circuits
reconfigure one or more times during each user design clock cycle during the operation of the IC
(“runtime”). Reconfigurable ICs are configurable ICs which have circuits that can be
reconfigured during runtime. A reconfigurable IC typically includes reconfigurable logic circuits
and/or reconfigurable interconnect circuits. The reconfigurable logic and/or interconnect circuits
are configurable logic and/or interconnect circuits that can cyclically “reconfigure” during
runtime rather than being configured once (e.g., at the beginning of each runtime) and then
maintaining the same configuration for the entire runtime. A reconfigurable logic or interconnect
circuit reconfigures when it bases its operation on a different set of configuration data from the
set of configuration data on which it previously based its operation.
[0095] In some embodiments, the reconfigurable circuits reconfigure a set number of
times in each user cycle. For example, some embodiments provide four sets of configuration data
sequentially to each configurable circuit. The four sets of configuration data are provided over
four sub-cycles, with the four sub-cycles taking the same time as one user design clock cycle.

Once all four sets of configuration data have been supplied, the configuration “loops back” from
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the last configuration data set back to the first configuration data set by once again receiving the
first set of configuration data. Such a sequential reconfiguration scheme is referred to as a four
“loopered” scheme. Other embodiments, however, might be implemented with six or eight
loopered sub-cycle reconfigurable circuits. In a six or eight loopered reconfigurable circuit, a
reconfigurable circuit receives six or eight configuration data sets in one user design clock cycle,
and then loops back to the first configuration data set. Still other embodiments might use some
other loopered number than four, six, or eight. Furthermore, some embodiments might use
different loorpered numbers in different parts of the same IC.

[0096] Figure 6 conceptually illustrates an example of a sub-cycle reconfigurable IC
(i.e., an IC that is reconfigurable on a sub-cycle basis). In this example, the sub-cycle
reconfigurable IC implements a non-configurable IC design 605 that operates at a clock speed of
X MHz. The operations performed by the components in the IC design 605 can be partitioned
into four sets of operations 620-635, with each set of operations being performed at a clock
speed of X MHz.

[0097] Figure 6 then illustrates that these four sets of operations 620-635 can be
performed by one sub-cycle reconfigurable IC 610 that operates at 4X MHz. In some
embodiments, four cycles of the 4X MHz clock correspond to four sub-cycles within a cycle of
the X MHz clock. Accordingly, this figure illustrates the reconfigurable IC 610 reconfiguring
four times during four cycles of the 4X MHz clock (i.c., during four sub-cycles of the X MHz
clock). During each of these reconfigurations (i.c., during each sub-cycle), the reconfigurable 1C
610 performs one of the identified four sets of operations. In other words, the faster operational
speed of the reconfigurable IC 610 allows this IC to reconfigure four times during each cycle of
the X MHz clock, in order to perform the four sets of operations sequentially at a 4X MHz rate
instead of performing the four sets of operations in parallel at an X MHz rate. The sets of
operations in the illustrated figure are performed sequentially with respect to the other sets of
operations, however, in some embodiments, within each set of operations; at least some
operations will be performed in parallel.

[0098] While the above described reconfigurable circuits reconfigure in sub-cycles of a
user design clock cycle, one of ordinary skill in the art will understand that in some
embodiments, the reconfiguration cycles are not part of a larger user design clock cycle.
Accordingly, any features described herein as using sub-cycles can also be implemented in some
embodiments with reconfiguration cycles that are not sub-cycles of a longer user design clock
cycle. In some such embodiments, multiple reconfigurations of the reconfigurable circuits are

performed cyclically based on a reconfiguration clock cycle. In some such embodiments, some
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reconfigurable circuits reconfigure sequentially through a sequence of configurations over the
course of multiple reconfiguration cycles, then repeat the sequence of configurations multiple
times.

B. Select Drivers
[0099] The ICs of different embodiments implement the reconfiguration process in
different ways. Figure 7 illustrates an example of a group of circuits 700 including a
reconfigurable logic circuit (LUT 740) and the configuration circuitry for the configurable logic
circuit 740. As shown, the configuration circuits are implemented as a set of 4 to 1 multiplexers.
The group of circuits 700 includes 16 configuration cells 705, a set of four select lines 710 that
feed into the selects of four multiplexers 735, and a set of two input lines 715 for LUT 740 with
one output line 720.
[00100] Figure 7 shows one possible set of circuits for providing configuration data to a
reconfigurable circuit 740. The reconfigurable circuit in this figure is shown as a LUT; however,
any reconfigurable circuit can receive configuration data from such a circuit arrangement or
other circuit arrangements.
[00101] The configuration cells 705 each store one bit of configuration data. In some
embodiments, the select lines 710 receive a selection of a new active input for the multiplexers
735 in each sub-cycle. Based on the select lines 710, the multiplexers 735 selectively connect the
16 configuration cells to the configurable LUT 740. That is, the multiplexers 735 sequentially
provide four sets of configuration data to the LUT 740, one set of four bits per sub-cycle. LUT
740 provides the value of one of the four configuration bits supplied in a given sub-cycle as
output through output line 720. The input lines 715 provide the input data for the LUT 740. The
input data on lines 715 determine which of the supplied configuration values will be supplied as
the output.
[00102] In Figure 7, the configurable logic circuit 700 is operated on a four sub-cycle
basis. In each of four sub-cycles, the configurable logic circuit 700 is configured according to the
bits stored in a different set of configuration cells 705. The illustrated embodiment uses “one-
hot” multiplexers for selecting which set of configuration cells 705 supply configuration data in
a given sub-cycle. That is, in each sub-cycle, one of the select lines 710 is “hot” (active) while
the other three of the select lines 710 are “cold” (inactive). The active select line 710 may also be
referred to as “on”, “powered”, or “driven”. Each multiplexer 735 provides as its output, the
configuration data from the configuration cell corresponding to the active select line. Together,
the four multiplexers 735 present LUT 740 with four configuration bits in each sub-cycle. For

example, when the first select line 710 is active, each multiplexer 735 passes the value of the top
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configuration cell 705 of that multiplexer 735 to LUT 740. When the second select line 710 is

active, each multiplexer passes the value of the second-from-the-top configuration cell 705 of
that multiplexer 735 to LUT 740, and so on. The positions of the configuration cells relative to
the order of the select lines in this example are provided only as examples. The ICs of some
embodiments may provide configuration cells in different orders.

[00103] Figure 8 conceptually illustrates circuits for driving select lines 710 of
multiplexers 735 for supplying configurable circuit data. A one-hot multiplexer with four select
lines can be driven by a select driver that switches the appropriate line to “hot” for each of four
sub-cycles. The figure shows sub-cycle clock 810, sub-cycle counter 820, select driver 830, and
logic table 840. The sub-cycle clock 810 provides a sub-cycle clock signal. The sub-cycle
counter 820 keeps track of which sub-cycle the chip is implementing. The select driver 830
drives the appropriate signal line 710 in each sub-cycle. Table 840 shows one implementation of
a logic table that translates sub-cycle numbers to active select lines.

[00104] For each sub-cycle, the sub-cycle clock 810 provides a signal that tells clocked
circuits when to perform whatever functions they are designed to perform upon the changing of a
sub-cycle (e.g., the sub-cycle clock signal could switch from “0” to “1” and back again in each
sub-cycle). The sub-cycle counter 820 keeps track of what the present sub-cycle is. In some
embodiments, the sub-cycle counter 820 keeps track by incrementing a binary counter once per
sub-cycle. The counter goes through binary values 00, 01, 10, and 11 before returning to 00 and
starting the count over. In embodiments with different loopered numbers, the binary values of
the count will be different. In some embodiments the counter will use different numbers of
binary digits or even use non-binary values. The select driver 830 receives a signal from the sub-
cycle counter corresponding to the present sub-cycle (e.g., a signal of “00” in sub-cycle 0, “11”
in sub-cycle 3, etc.). The select driver 830 then activates whichever select line (among select
lines 710) corresponds to the present sub-cycle. The select driver 830 may be described as
“driving” the active select line 710, or even “driving” one or more reconfigurable circuits. For
example, the select driver 830 can be described as driving LUT 740.

[00105] Table 840 shows a logical conversion of binary values from the counter 820 to
active select line 710. The left column of table 840 shows sub-cycles from 0-3 (in binary); while
the right column of the table indicates which select line is “hot” in that sub-cycle. A value of
logic “1” on a select line selects a corresponding configuration cell 705 for each multiplexer 735
to connect to the output of that multiplexer. If a configuration cell 705 of one multiplexer 735 in
one cycle stores a different bit value (e.g., “0” in sub-cycle 1 and “1” in sub-cycle 2) than the

configuration cell 705 of the previous sub-cycle, then changing the “hot” select line changes the
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output of that multiplexer 735 from one sub-cycle to the next. Changing the output of the

multiplexer changes the value of the configuration bit presented to reconfigurable LUT 740.
[00106] If a configuration cell 705 of one multiplexer 735 in one cycle happens to store
the same bit value (e.g., “1” in sub-cycle 2 and “1” in sub-cycle 3) as the configuration cell 705
of the previous sub-cycle, then changing the “hot” select line does not change the output of that
multiplexer 735 from one sub-cycle to the next. Therefore, the value of the configuration bit
presented to reconfigurable LUT 740 by that multiplexer 735 would not change.
[00107] Figures 7-8 illustrate a four sub-cycle system and a logic circuit with four
configuration bits in a given sub-cycle. Four configuration bits are enough bits to configure the
two-input LUT 740. However, the ICs of other embodiments use different numbers of sub-cycles
and different numbers of configuration bits in configurable circuits. For example, the ICs of
some embodiments use six or eight sub-cycles instead of four and/or LUTs with other numbers
of configuration bits per sub-cycle instead of four configuration bits per sub-cycle. Like the ICs
of the embodiments illustrated in Figures 7 and 8, the ICs of some embodiments with other
number of sub-cycles and/or configuration bits per sub-cycle also use multiplexers to provide
different configuration data to configurable circuits in each sub-cycle. As mentioned above with
respect to Figure 7, the reconfigurable circuit in Figure 8 is shown as a LUT; however, any
reconfigurable circuit can receive configuration data from such a circuit arrangement or other
circuit arrangements.

C. Configuration Selecting Multiplexers
[00108] The configuration selecting multiplexers of some embodiments have more than
four inputs. Figure 9A illustrates a single-stage multiplexer 910 used to provide configuration
data to a particular configuration bit in some embodiments. In some embodiments, the particular
configuration bit could be one configuration bit of a configurable logic circuit or one
configuration bit of a configurable interconnect circuit or other type of configurable circuit. As
shown, the multiplexer 910 includes a connection to each storage element 920, a connection to a
decoder/configurable circuits 930, an inverter 940, an optional controllable pull-up transistor p1,
two pull-up transistors p2 and p3, nine controllable pass transistors nl, n2, n3, n4, n5, n6, n7, n8
and n9, and select lines sell, sel2, sel3, sel4, sel5, sel6, sel7 sel8, and sel9.
[00109] Figure 9B illustrates an alternative embodiment 955 of the multiplexer 910 with
added buffering inverters at its outputs. As shown, in addition to the components of multiplexer
910, multiplexer 960 also includes two more inverters 970 and 980.
[00110] Combined with the storage element 920 and decoder 930, a 9-input multiplexer

(e.g., multiplexer 910 or multiplexer 960) provide a context switcher such as ones described in
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United States Patent Application 12/206,718, which is hereby incorporated by reference. As

shown in Figures 9A and 9B, the multiplexer takes its inputs from the Q node of a storage cell
920. This storage element could be any one of the cells described in United States Patent
Application 12/206,718. The multiplexer passes its outputs to either the IC’s configurable
circuits or a decoder 930. In some embodiments, the decoder 930 is needed because the
configuration data has been previously encoded. Some embodiments of the decoder 930 are
described in United States Patent Application 12/206,718.

[00111] Although the inputs are shown as single-ended, and are connected through nmos
pass transistors, other embodiments may provide different devices. For example, in some
embodiments, the nmos pass transistors are replaced by complementary transmission gates
containing both an nmos and a pmos pass transistor. In other embodiments, the nmos transistors
may be driven by boosted select lines, where the select signals are driven by a higher voltage
supply than is used in the rest of the circuit (e.g. the select lines could be driven by 1.2V signals
instead of 1V signals). If a higher voltage supply is used, it may be generated externally, or
through the use of a bootstrap circuit. The ICs of other embodiments may use complementary
inputs instead of single-ended, such that one or the other complementary inputs will be a low,
and can be used to pull-up its corresponding complementary input through a pmos device instead
of an nmos pass transistor. Any of these alterations to the input structure can be applied to the
input structure of the multiplexer described above in reference to Figures 9A and 9B. In some
embodiments, the select lines are driven by a select line driver as shown in Figure 8.

[00112] As shown in Figure 9A and Figure 9B, cach input to the multiplexer is directly
connected to the Q node of a storage element 920 which also serves as a first stage in this
configuration. Each input to the multiplexer 910 or 960 has an nmos pass transistor which is
controlled by a select line (sell to sel9). When a particular select line is logic high the value at
that input is passed to the outputs of the multiplexer 910 or 960. For instance, if sell is logic
high, the transistor n1 is turned on, and the value at in1 is passed to the output of the multiplexer
and the input of the inverter 940. The output of inverter 940 provides the complementary output
of the multiplexer.

[00113] The out node of the multiplexer 910 is connected to a controllable pull-up
transistor pl that pre-charges the out node in some embodiments. In other embodiments, pre-
charge is not performed, and the controllable pull-up transistor pl is omitted. In addition, the
transistors within the cross-coupled inverters may be sized to produce a low input voltage
threshold (e.g., the size ratio of the pmos to nmos device may be 1:2 as oppose to a typical

inverter that is 2:1). The pull up transistors p2 and p3 may also be sized with relatively long gate
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lengths to prevent fighting with the circuits driving the inputs of the multiplexer 900.

[00114] One of ordinary skill in the art will recognize that the multiplexer 910 or 960 may
be implemented using different circuit elements in different embodiments. For example, the
multiplexer 910 could be implemented using transmission gates at its inputs. In some
embodiments, the circuits use an eight-loopered system with one select line (e.g., sell to sel9)
active in each sub-cycle. In such a system, eight sub-cycles use eight select lines. In some such
embodiments, when one of the select lines, or one of the configuration cells connected to a
particular select line, is not working (as a result of defect, damage, wear-and-tear, etc.) the
“extra” select line is used as a substitute for the non-working select line.
IV.  ENERGY CONSUMPTION IN RECONFIGURATION

A. Overview of Energy Consumption
[00115] As shown in the section III, in some embodiments, providing a separate set of
configuration bits in each sub-cycle includes driving a different select line in each sub-cycle for a
given set of configuration selecting multiplexers. When a configuration selecting multiplexer has
a configuration bit in one sub-cycle that has a different value than the corresponding
configuration bit in the next sub-cycle, the output of the configuration selecting multiplexer
changes from one sub-cycle to the next. The circuitry that implements the configuration bit
consumes some baseline amount of energy to power the configuration cell for the bit, as well as
the multiplexer that selects the value for the bit in a given sub-cycle, the configurable circuit that
is configured with the bit etc. However, some operations use more energy in a given sub-cycle
than others.
[00116] Figure 10 conceptually illustrates the energy consumed in supplying one
configuration bit for one sub-cycle. Different amounts of energy are used for maintaining a select
line, for changing the select line without changing the configuration value, and for changing the
select line and the configuration value. The figure shows baseline energy 1010, select line
switching energy 1020, and configuration value switching energy 1030.
[00117] Baseline energy 1010 represents the average amount of energy needed merely to
maintain a configuration selecting multiplexer (that selects among the configuration cells for a
single configuration value) on the same select line for one sub-cycle beyond the initial sub-cycle
in which that configuration is activated. Select line switching energy 1020 represents the average
amount of energy needed to switch a configuration selecting multiplexer (and thus one set of
configuration cells) to a different select line without changing the configuration value. For
example, this would occur when the configuration cells that each select line activates store the

same value.
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[00118] Configuration value switching energy 1030 represents the average energy
consumed in changing one configuration selecting multiplexer (and thus one set of configuration
cells) to a different select line while also changing the configuration value (i.e., changing the
configuration bit from “0” to “1” or from “1” to “0”). Configuration value switching energy
1030 is larger than select line switching energy 1020. The difference in the sizes of energy 1030
and energy 1020 conceptually illustrates that some energy is saved if a configuration bit has the
same value from one sub-cycle to an adjacent sub-cycle, even if the select line changes. Select
line switching energy 1020 is larger than baseline energy 1010. The difference in the sizes of
energy 1020 and energy 1010 conceptually illustrates that more energy can be saved by not
switching from one select line to another in a given sub-cycle than by changing the select line
without changing the configuration value.
[00119] Figure 10 does not present the energy to scale. Some embodiments may have
larger or smaller differences in the energy consumed for maintaining a configuration and the
energy consumed for changing a configuration. Other embodiments may have larger or smaller
differences in the energy consumed for switching a select line and not switching a select line.
There may be other factors in the energy consumption than the factors described herein. For
example, some embodiments use different amounts of energy to maintain a configuration value
of “0” than to maintain a configuration value of “1”. Similarly, some embodiments use different
amounts of energy to switch from a “1” to a “0” than to switch from a “0” to a “1”.

B. Energy consumption in Changing Configuration Bits
[00120] As described in section IV.A., the reconfigurable circuits of some embodiments
use less energy to maintain the same configuration bit value than to change (toggle) the
configuration bit value. Accordingly, to save energy, the placement and routing processes of
some embodiments reduce the number of configuration bit changes (amount of toggling)
performed during runtime of a reconfigurable IC. This section (IV.B.) describes various
combinations of configurations (in consecutive reconfiguration cycles). The number of bits that
toggle from one reconfiguration cycle to the next affects the amount of energy used when
reconfiguring. Accordingly, this section also describes the number of bits that toggle when the
various described combinations of configurations are used in adjacent sub-cycles. Placement and
routing processes that minimize the number of configuration bit changes by preferentially
placing configurations that result in fewer configuration changes are described in section IV.C.,
below.
[00121] Figures 11-14 illustrate logic tables for various pairs of configurations. The pairs

of configurations in the figures show which configuration bits flip when changing a three-input
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(eight-configuration-bits per sub-cycle) reconfigurable LUT from one configuration to another.
Figure 11 illustrates examples of tables that represent keeping a three-input (eight-configuration-
bit) LUT in the same configuration (a logical AND gate that ANDs inputs B and C) from one
sub-cycle to the next (e.g., sub-cycle 1 to sub-cycle 2). The figure shows an unchanging
configuration in order to describe the features of the logic table without the complication of
changing configuration bit values. The figure shows the LUT configurations along with the
corresponding outputs. The figure includes logic tables 1110 and 1120. Logic table 1110
includes input columns 1112, 1114, and 1116 and output column 1118. Logic table 1120
includes input columns 1122, 1124, and 1126 and output column 1128. The first three values in
cach row of the tables represent one possible set of inputs for the three-input LUT. The fourth
value in each row of the tables represents the output of the reconfigurable LUT for the inputs
given in the row.

[00122] Input columns 1112, 1114, and 1116 collectively represent every possible
permutation of inputs for the input terminals of a three-input reconfigurable LUT in sub-cycle 1.
Output column 1118 represents the reconfigurable LUT’s configuration bit values in sub-cycle 1.
The configuration determines the LUT’s output value for a given set of input values. For
example, if all inputs 1112, 1114, and 1116) are “1” then the output (1118) will be “1”.
Likewise, input columns 1122, 1124, and 1126 represent every possible permutation of inputs on
the input terminals of the same three-input reconfigurable LUT in sub-cycle 2. Output column
1128 represents the reconfigurable LUT’s configuration bit values in sub-cycle 2.

[00123] Each output column 1118 and 1128 shows the configuration values stored in eight
configuration cells. For a given output column, the eight configuration values represent one set
of eight configuration cells. Each configuration cell in a given set is connected to a different
multiplexer that provides the configuration data bit of that set to the reconfigurable LUT in the
sub-cycle of that set. As shown in Figure 8, in some embodiments, the active set is determined
by the select lines.

[00124] In some embodiments, the configuration selecting multiplexer is the same as the
multiplexer illustrated in Figure 9A or 9B. The stored data could be a stored “0” or a stored “1”.
As the output columns are identical in each table, no configuration values change for the
reconfigurable LUT when it is reconfigured from sub-cycle 1 to sub-cycle 2. In an embodiment
with an IC that changes select lines in every sub-cycle, the energy consumed in reconfiguring the
reconfigurable LUT from sub-cycle 0 to sub-cycle 1 would be approximately eight times the
energy 1020 shown in Figure 10. That is, the LUT consumes the energy 1020 for each of the
LUT’s eight configuration bits.
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[00125] One of ordinary skill in the art will realize that the specific energy consumptions

described in relation to Figures 11-14 are provided for ease of description. While the energy of
the IC of some embodiments will generally increase when the number of reconfigured bits
increases, other factors may raise or lower the energy consumption by amounts different from
the ways described herein.

[00126] Figure 12 illustrates tables that represent reconfiguring an eight-bit LUT from an
AND-gate to an OR-gate from one sub-cycle to the next. This figure shows that reconfiguring a
reconfigurable LUT can change the values of some bits while leaving the values of other bits
unchanged. The figure includes tables 1210 and 1220, output columns 1218 and 1228 and
outputs 1232, 1234, 1236, 1238, 1242, 1244, 1246, and 1248. The output column 1218
represents the configuration values of a reconfigurable LUT that implements an AND-gate. The
output column 1228 represents the configuration values of a LUT that implements an OR-gate.
Outputs 1232-1248 represent configuration bits that change their values from sub-cycle 1 to sub-
cycle 2. The energy consumed in reconfiguring the reconfigurable LUT from sub-cycle 1 to sub-
cycle 2 would be approximately four times the energy 1020 plus four times the (larger) energy
1030, both shown in Figure 10. That is, the LUT consumes the energy 1030 for each of the four
changing configuration values and the energy 1020 for ecach of the four non-changing
configuration values.

[00127] Figure 13 illustrates tables that represent reconfiguring an eight-bit LUT from an
AND-gate 1310 to a NAND-gate 1320 from one sub-cycle to the next. In this figure, all eight
configuration bits change from one sub-cycle to the next. Accordingly, the energy consumed in
reconfiguring the reconfigurable LUT from sub-cycle 1 to sub-cycle 2 would be approximately
cight times the (larger) energy 1030. That is, the LUT consumes the (larger) energy 1030 for
cach of the eight changing configuration values.

[00128] The examples shown in Figures 12-13 illustrate changing the type of logic gates
of the reconfigurable circuit. However, in the IC of some embodiments, a reconfiguration can
leave the type of logic gate implemented on a reconfigurable LUT unchanged while changing
which inputs the LUT uses for the logic gate. Figure 14 illustrates tables 1410 and 1420 that
represent reconfiguring an eight-bit LUT from an AND-gate with inputs B and C to an AND-
gate with inputs A and B from one sub-cycle to the next. In this figure, two configuration bits
change from one sub-cycle to the next due to the changing of inputs to the logic circuit.
Accordingly, the energy consumed in reconfiguring the reconfigurable LUT from sub-cycle 1 to
sub-cycle 2 would be approximately six times the energy 1020 plus two times the energy 1030.
That is, the LUT consumes the (larger) energy 1030 for each of the two changing configuration
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values and the (smaller) energy 1020 for each of the six non-changing configuration values.
[00129] The above examples are merely some examples of changing configurations, not a
comprehensive list of possible configurations and reconfigurations. In various possible
permutations, reconfiguring a LUT with 8 configuration bits could change between 0 and 8 of
the configuration bit values. The amounts of energy were described in discrete terms (e.g., four
times one specific energy, plus four times another specific energy) to provide clarity of the
concept. However, in some embodiments, the energy consumed will not be a linear function of
the number of bits flipped. Similarly, the energy consumed will not be a function only of the
number of bits flipped in some embodiments. In such embodiments other factors would affect
the energy consumed when switching from one configuration to another. However, larger
numbers of bits changed tends to result in larger amounts of energy consumed in some
embodiments. In such embodiments, keeping the same configuration from one sub-cycle to the
next consumes less energy than changing the configuration.

C. Switching Aware Placement and Routing
[00130] The placement and routing processes of some embodiments determine how to
configure configurable circuits of an IC in order to implement a user design. The placement and
routing processes “place” configurations representing the various logic circuits of the user design
by determining which configurable circuits should implement each part or parts of a user design.
For an IC with reconfigurable circuits, the placement and routing processes also determine in
which sub-cycle the reconfigurable circuits should implement which parts of the design. The
placement and routing processes “route” signals by determining which configurable routing
circuits should carry signals between the various circuits of an IC with configurable circuits. For
a reconfigurable IC, the routing process also determines in which sub-cycle the reconfigurable
routing circuits should carry signals between various circuits. A set of data containing the results
of such determinations can be referred to as a “layout” for the configurable circuits of the IC.
The placement and routing processes of some embodiments generate a layout specific to a
particular model of physical IC. The same user design can be implemented as different layouts
for different models of physical ICs or even as different layouts for the same model of physical
IC.
[00131] In some embodiments, the placement and routing processes give preferences to
configuration schemes that reduce the number of configuration bits that change from one sub-
cycle to the next. It will be understood by one of ordinary skill in the art that descriptions of
“setting” bits in placement and routing processes involve storing (sometimes called “defining”)

values intended for those bits in a layout that is being designed by the placement and routing
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processes. Similarly, “configuring” a configurable circuit in placement and routing processes
means determining what configuration the configurable circuit should have and storing that
planned configuration in a layout. In the context of placement and routing for reconfigurable
circuits of an IC, only the layout of the reconfigurable circuits is being changed, not the actual
physical circuits of the IC or the actual configuration data stored in the configuration cells of the
IC. Data is stored in the physical configuration cells only when the layout is implemented on the
reconfigurable circuits, not while the layout is being generated by the placement and routing
processes. It will also be understood that in the context of the placement and routing processes,
references to an “earlier sub-cycle” or a “later sub-cycle” describe what the layout plans for
carlier and later sub-cycles once the layout is implemented on the reconfigurable circuits of an
IC.

[00132] Setting a value in the placement and routing processes of some embodiments does
not mean that the final configuration layout will necessarily use that value because placement
and routing processes can change and rearrange the values of configuration bits in the layout
before the layout is finalized. In some cases, a reconfigurable circuit in the layout may be
described as “reconfiguring” from one sub-cycle to the next. However, in the context of
placement and routing that means that the layout has planned a reconfiguration. If the layout is
later implemented, then the reconfigurable circuit will reconfigure in the way designated by the
layout.

[00133] As described in section IV.B., in some embodiments, reconfigurations that change
fewer configuration bits use less energy than reconfigurations that change more configuration
bits. Accordingly, when determining what configurations to place on various reconfigurable
circuits in various sub-cycles, the placement and routing processes of some embodiments give
preference to configurations that have fewer configuration bit value changes from the
configuration of the previous sub-cycle. The placement and routing processes of some
embodiments allow variable “costs” to be assigned to different placements. The configurations in
the layout are placed in such a way to minimize the overall “cost” of a layout. When a particular
circuit in a user design can be assigned to one of multiple places in an FPGA layout, the
placement and routing software would avoid placement of the circuit in locations that result in a
higher overall “cost”. The placement and routing processes of some embodiments dynamically
determine the “cost” for placing a particular configuration on a particular reconfigurable circuit
in a particular sub-cycle. For example, the placement and routing processes of some
embodiments increase the “cost” of placing a “circuit” of the user design in locations that are

farther from the circuits to which the particular circuit connects. Similarly, the placement and
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routing processes of some embodiments increase the cost for placing configurations of
reconfigurable circuits that are located in congested areas of the FPGA layout.

[00134] The placement and routing processes of some embodiments also impose a higher
“cost” for placing configurations that are different from the configuration of the previous sub-
cycle. Figures 15 and 16 conceptually illustrate placement and routing processes that give
preference to similar configurations in successive sub-cycles. Figure 15 conceptually illustrates
a placement process that gives preference to similar configurations in successive sub-cycles. One
of ordinary skill in the art will understand that this process is only a conceptual example of such
a process and that many other factors go into determining placement of configurations for the
reconfigurable logic circuits than the factors described in relation to this figure. The figure
demonstrates how the placement and routing processes of some embodiments weigh the
placement of logic circuit configurations in favor of fewer configuration bit changes for
reconfigurable circuits in various sub-cycles. Such weighting decreases the number of flipped
configuration bits in the final layout. Decreasing the number of flipped bits decreases the power
consumption (energy consumed per sub-cycle) of the reconfigurable logic circuits. For ease of
description, the figure and the following description refers to LUTs, however, in some
embodiments, the placement process defines configurations for other types of reconfigurable
logic circuits. The placement process of some embodiments also defines the configurations for
IMUXs, cither at the same time as it defines the configurations for the LUTs or at different
times.

[00135] The process 1500 begins with placement (at 1510) of a LUT. For example, in
some embodiments, if the placement requires an AND-gate, the process 1500 1) chooses a
particular reconfigurable LUT in a particular sub-cycle for implementing the AND-gate, 2)
creates a set of configuration data as shown in output column 1110 in Figure 11, and 3) stores
that set of configuration data for that LUT in that sub-cycle as part of the layout for the
configurable IC.

[00136] The process 1500 then increases (at 1520) the cost of placing a different LUT
configuration for that particular LUT in the previous sub-cycle or the subsequent sub-cycle. In
some embodiments, the process assigns costs that increase with the number of bits changed. For
example, if for a particular LUT, sub-cycle 1 is assigned the configuration of a three-input AND-
gate, there will be a high increase in the cost for placing a three-input NAND-gate on the same
LUT in sub-cycles 0 or 2. Changing from NAND to AND (going from sub-cycle 0 to sub-cycle
1) would flip eight bits, just as changing from AND to NAND would do (going from sub-cycle 1

to sub-cycle 2). Accordingly, the high increase in cost reflects the high number of configuration
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bits (all eight bits) that are different between a three-input AND-gate and a three-input NAND-

gate.

[00137] In some embodiments, the increase in the “cost” to place a different configuration
on a particular configurable circuit extends to all unassigned sub-cycles before and after the
assigned sub-cycle. In the AND-gate to NAND-gate example (assuming an eight loopered
system), the cost of placing a NAND-gate on that LUT in sub-cycles 3-7 and 0 (the configuration
of the IC loops back to sub-cycle 0 after sub-cycle 7) would also increase. This is because
unused sub-cycles of any configurable circuits can be configured to whatever the configuration
of the closest used sub-cycle is. In other words, in some embodiments, once a configuration is
placed for a particular configurable circuit in a particular sub-cycle, the placed configuration has
an influence that extends forward and backward through the sub-cycles until the next placed
configuration for that particular configurable circuit. As used herein, statements of the
“influence” of a placed configuration are a convenient way of indicating that the placement
process takes the placed configuration into account rather than implying that a placed
configuration is an independent actor. In some embodiments, the influence of a placed
configuration for a particular configurable circuit in a particular sub-cycle increases the cost to
place different configurations on the same configurable circuit in other sub-cycles. Similarly, in
some embodiments, the influence of a placed configuration for a particular configurable circuit
in a particular sub-cycle decreases the cost to place identical configurations on the same
configurable circuit in other sub-cycles.

[00138] In some embodiments, the influence of a placed configuration decreases the
farther the unused sub-cycle in question is from the influencing configuration. Referring back to
the AND-NAND example: placing a NAND-gate on sub-cycle 5 of the particular LUT would
cost less than placing a NAND-gate on sub-cycle 2 of the particular LUT in some embodiments.
Furthermore, in some embodiments, because the influence of one configuration can affect the
influence of another configuration, once there is one planned change of a particular bit of a
configurable circuit, the “cost” of subsequent changes of that particular bit in configurations to
be placed in remaining sub-cycles may decrease. For example, if a configuration value for a
particular bit of a particular reconfigurable circuit is defined in the layout as “1” in sub-cycle 2
and no configuration value is defined for that bit in any other sub-cycle, then the placement and
routing processes of some embodiments increase the cost of defining a “0” value for the
corresponding bit in all other sub-cycles. If, despite this increase in cost, a value of “0” is defined
in another sub-cycle (e.g., sub-cycle 5), the “0” value in sub-cycle 5 would make at least one bit

toggle (in some sub-cycle between sub-cycle 2 and sub-cycle 5) inevitable. Accordingly, the cost
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of defining a “0” configuration value for the corresponding bit in other sub-cycles (e.g., sub-
cycle 3) may decrease as a result of the placement of the “0” value. The reason for the cost
decrease is that a placement of a “1” for that particular bit in sub-cycle 3 would make that
particular bit match in sub-cycles 2 and 3, but would not avoid the inevitable bit toggling
somewhere between sub-cycles 2 and 5. However, the placement and routing processes of some
embodiments would not decrease the cost of defining a “0” for the particular bit in sub-cycle 3
enough to completely eliminate the previous cost increase. Some of the previous cost increase
would still remain because sub-cycle 3 is closer to sub-cycle 2 than to sub-cycle 5 and thus is
more influenced by the configuration value of sub-cycle 2 than the configuration value of sub-
cycle 5.

[00139] The placement process of some embodiments increases the costs of changing a
configuration only for subsequent sub-cycles. However the placement process of some
embodiments increases the cost of changing a configuration only for the preceding sub-cycles.
The placement process of some embodiments imposes a higher increase in cost from “zero bits
changed” to “one bit changed” than from “n bits changed” to “n+1 bits changed” where n is
greater than (or equal to) one.

[00140] The process 1500 then determines (at 1530) whether more configurations for the
LUTs need to be placed. If more configurations of the LUTs need to be placed, the process 1500
returns to operation 1510 to place more configurations of the LUTs. The placement of these
configurations of the LUTs takes into account the “cost” increases of previous iterations of
operation 1520.

[00141] In some cases a configurable circuit will be completely unused. That is, according
to the layout, the LUT will be unused in every sub-cycle. If no more LUT configurations are
required, the process defines (at 1540) the configuration values (in the layout) to default values
for all sub-cycles of any completely unused LUTs (LUTs that are not used in any sub-cycle). The
placement process of some embodiments uses a default value of zero. In other embodiments the
placement process uses a default value of one. The placement process of still other embodiments
uses different default values for different configurable circuits.

[00142] In some cases, after all LUTs of a user design have been placed; there will be
some LUTSs that are partly unused (i.e. “don’t care”). That is, according to the layout, the LUTs
are used in some sub-cycles, but not used in other sub-cycles. In some embodiments, the process
then defines (at 1550) (or “fills in”) the configuration values in the unused sub-cycles of the
partly unused LUTSs to the same configuration values that the LUTs have in the adjacent sub-

cycles. Defining the configuration values to match the configuration values of the same
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reconfigurable circuits in other sub-cycles reduces the number of configuration bits changed and
the corresponding energy consumption. There will be two transitions from one configuration to
another for any reconfigurable circuit with different configurations in any two cyclical sub-
cycles. That is, there will be a transition from configuration A to configuration B, and a
transition from configuration B to configuration A. These transitions can be defined to occur in
any sub-cycles between the sub-cycle in which configuration A is used and the sub-cycle in
which configuration B is used. In some embodiments, the placement and routing processes
provide fill-ins for “don’t care” configurations to minimize configuration changes in
configurable circuits with unused sub-cycles. Figure 17, described below, illustrates various
configurations “filled-in”. Once the placement process 1500 finishes setting (at 1550) the
configurations for the unused sub-cycles of each configurable circuit, the process 1500 ends.
[00143] Figure 16 conceptually illustrates a routing process that gives preference to
similar configurations in successive sub-cycles. One of ordinary skill in the art will understand
that this process is only one example of such a process and that many other factors go into
routing than the factors described herein. The figure demonstrates how the routing process of
some embodiments weight the routing in favor of fewer configuration bit changes in order to
decrease the number of flipped configuration bits and thus decrease the power consumption
(energy consumed per sub-cycle) of the reconfigurable circuits. The description refers to
RMUXs, however, in the ICs of other embodiments; other types of configurable routing circuits
could be used instead of or in addition to RMUXs.

[00144] The process 1600 begins with routing (at 1610) an RMUX. The routing defines
the configuration of an RMUX in the layout in order to route signals (when the layout is
implemented). The RMUX could be configured to route signals between LUTs (or IMUXs) that
have already been placed in a layout by a placement process, or between other RMUXSs, or
between RMUXs and LUTs (or IMUXs), or between other types of circuits. In some
embodiments, the process 1600 increases (at 1620) the cost of defining a changed configuration
for an RMUX. In such embodiments, when a signal could be routed through any one of multiple
RMUXs, the process prefers to route the signal through an RMUX that requires the fewest
configuration changes from one sub-cycle to the next. However, the routing process of some
embodiments skips operation 1620 and routes without regard to changes in configuration bits of
RMUXs.

[00145] The process 1600 determines (at 1630) whether more configurations of RMUXs
are required. If more routing configurations are required, the process returns to operation 1610. If

no more routing configurations are required, the process defines (at 1640) the configuration
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values (in the layout) to be default values for all sub-cycles of any completely unused RMUXSs.

An completely unused RMUX is a RMUX that is unused in every reconfiguration cycle. In the
routing process of some embodiments, the default value for an unused RMUX is zero; in the
routing process of other embodiments the default value is one. In the routing process of still
other embodiments, the default value is different for different RMUXs.

[00146] In some cases, after all RMUXs of a user design have been routed, there will be
some RMUXSs that are partly unused. That is, according to the layout, the RMUXSs are used in
some sub-cycles, but not used in other sub-cycles. In some embodiments, the process then
defines (at 1650) the configuration values in the unused sub-cycles of the partly unused RMUXs
to the same configuration values that the RMUXs have in the adjacent sub-cycles. This reduces
the number of configuration bits changed and the corresponding energy consumption. However,
because of the cyclical nature of the reconfigurations, for any RMUX with different
configurations in any two sub-cycles, there will be two transitions from one configuration to
another. There will be a transition from configuration A to configuration B, and a transition from
configuration B to configuration A.

[00147] Once the routing process 1600 finishes setting (at 1650) the configurations for the
unused sub-cycles of each configurable circuit, the process 1600 ends. In some embodiments, the
placement and routing processes start with processes 1500 and 1600 and then continue as
described in section VI., below.

[00148] The placement and routing processes of some embodiments run iteratively. The
routing process may result in a situation where placed LUTs need to be moved. The routing
process determines the routing for a layout to be implemented on a particular reconfigurable IC.
Any particular reconfigurable IC has finite routing resources. Therefore, for example, if too
many LUT configurations are placed in a particular part of the layout, the routing process may
not have enough available routing capacity to handle all the placed LUTs. Changing the
placement of some of the LUT configurations may resolve the issue. The placement and routing
processes of some embodiments have other reasons for adjusting the placement of LUT
configurations after the routing process. For example, adjusting the placement of LUTs may
result in a need for more rerouting, so the placement and routing processes may run to replace
and re-route a layout multiple times.

[00149] Some embodiments provide a separate post-placement and routing process for
“cleaning up” any issues caused by the original placement and routing. Furthermore, as
described in section VI, below, some embodiments may provide programs that perform other

processes that affect placement and routing after the main placement and routing processes are
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finished.

[00150] The placement process 1500 and the routing process 1600 of some embodiments
consider more than one reconfigurable circuit (as a potential location to place a configuration)
when determining the increased or decreased cost of changing the configuration of a circuit from
one sub-cycle to the next. The placement and routing processes of some such embodiments
consider all configurable circuits in a particular group of configurable circuits (as potential
locations to place a configuration). The placement and routing processes of some embodiments
that do this are further described in section IV.D., below. In some such embodiments, the
placement process 1500 and routing process 1600 impose a higher cost for adding circuits that
are in rows with fewer reconfigurations (e.g., mostly empty rows). In some embodiments, the
cost of adding reconfigurations of the first n LUTs in a particular group in a sub-cycle are
increased relative to the cost of adding the last m LUTs in the particular group in that sub-cycle.
[00151] The placement and routing processes of some embodiments fill-in the “don’t
care” configurations with configuration values that are the same as the configuration values in a
previous or a subsequent sub-cycle. Because of the filled-in configurations, the configuration bit
values do not change from one sub-cycle to the next during the operation of the IC. That is, when
the IC is running, the values in those configuration cells are the same for those sub-cycles.
[00152] Figure 17 illustrates multiple configurations for unused sub-cycles that minimize
configuration bit changes. The configuration bit changes are minimized in each of the examples.
The placement and routing processes of various embodiments configure the unused sub-cycles
for a configurable circuit in different manners. Furthermore, in some cases, the placement and
routing processes of a single embodiment may configure the unused sub-cycles differently
depending on the circumstances. The figure provides some examples of setting configurations
for configurable circuits that are unused in various sub-cycles. However the examples are not
exhaustive. The number of possible examples of configurations of unused sub-cycles with two or
more used sub-cycles and one or more unused sub-cycles is larger than is shown here.
Accordingly, other examples of filling in configurations are within the scope of the invention.
[00153] Figure 17 includes configuration sets 1710, 1720, 1730, and 1740 planned in the
layout for reconfigurable circuit 1750. The configuration sets 1710-1740 show the planned
configurations of a reconfigurable circuit with 8-configuration bits over eight sub-cycles. The
sub-cycles are indicated in Figure 17 and in some other figures and in some places in the text by
the letters “SC” followed by a number identifying the particular sub-cycle (e.g., “SCO0”
represents sub-cycle 0). The configuration sets 1710-1740 represent data in a layout being

generated by the placement process. They are presented in columns (labeled BO to B7 for “bit 0”
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to “bit 7”°) connected to reconfigurable circuit 1750 to conceptually illustrate that the data in the
layout will eventually be used to configure actual circuits. Configuration set 1710 shows the
configuration as set in the layout before operation 1550 (or 1650 if the circuit is a routing
circuit). Configuration sets 1720-1740 show possible configurations defined in the layout by
operation 1550 or 1650.

[00154] Configuration set 1710 shows that the placement and routing process has
determined that the configurable circuit must be in configuration “A” in sub-cycle 3, and in
configuration “B” in sub-cycle 6. In this figure, “A” and “B” represent two sets of configuration
data that are different from each other. All “A” values in a given column are the same as the
other “A” values in the same column, but not necessarily the same as the “A” values in the other
columns. Similarly, all “B” values in a given column are the same as the other “B” values in the
same column, but not necessarily the same as the “B” values in the other columns. The
placement and routing processes have not determined a configuration for the configurable circuit
in sub-cycles 0-2, 4-5, or 7. Accordingly, set 1710 shows these sub-cycles as “u” (unused).
Given the cyclical nature of the reconfigurable circuits, in the actual operation of an IC, a sub-
cycle 0 follows a sub-cycle 7 of a previous user design clock cycle. In configuration set 1710, the
configuration transitions four times, from unconfigured to “A” (sub-cycle 2 to sub-cycle 3), from
“A” to unconfigured (sub-cycle 3 to sub-cycle 4), from unconfigured to “B” (sub-cycle 5 to sub-
cycle 6), and from “B” to unconfigured (sub-cycle 6 to sub-cycle 7).

[00155] Since the configurations in all sub-cycles except sub-cycle 3 and sub-cycle 6 are
don’t-cares in this example, the configuration in those sub-cycles will not affect the user design.
Since the configuration will not affect the user design, the placement process 1500 (or routing
process 1600) will set (at 1550 or 1650) the configurations of the unused sub-cycles to a
configuration that reduces power use. In some embodiments, the placement or routing process
fills in the unconfigured values with the configurations of “A” and “B” to reduce the number of
transitions from one configuration to another. At some point after sub-cycle 3 and before sub-
cycle 6, the configurable circuit must be reconfigured from “A” to “B”. Similarly, at some point
after sub-cycle 6 and before sub-cycle 3 (of the next user design clock cycle), the configurable
circuit must be reconfigured from “B” to “A”. The placement and routing processes of some
embodiments determine in which sub-cycle to reconfigure a reconfigurable circuit on a case by
case basis. Configuration sets 1720-1740 show some possible sequences of sub-cycle
reconfigurations that all reduce the number of reconfigurations from four to two.

[00156] Set 1720 shows the results of operation 1550/1650 if the earliest used

configuration determines the configuration in the unused sub-cycles. The reconfigurations take
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place between sub-cycles 5 and 6 and between sub-cycles 6 and 7. The sub-cycles that are
unused but configured as configuration “A” are labeled as “Au” to differentiate them from sub-
cycles in which the configuration “A” is actually used. This is merely a conceptual aid for the
figure and does not indicate that “A” and “Au” are necessarily different configurations in the
layout. Set 1730 shows the results of operation 1550/1650 in which the last used configuration
determines the configuration in the unused sub-cycles. The reconfigurations take place between
sub-cycles 2 and 3 and between sub-cycles 3 and 4. The sub-cycles that are configured as
configuration “B”, but unused, are labeled as “Bu”. Set 1740 shows the results of operation
1550/1650 in which the unused configurations are set to the most recent used configurations. The
reconfigurations take place between sub-cycles 2 and 3 and between sub-cycles 5 and 6.
[00157] In some embodiments, cach of the configuration sets 1720-1740 represent the
same total amount of energy consumption (assuming that configuration “A” consumes the same
energy as configuration “B”), but that energy consumption is distributed among different sub-
cycles in each of the configuration sets 1720-1740 (e.g., energy consumption is highest in
whichever sub-cycle the reconfigurable circuit 1750 reconfigures in). Extra energy is used to
transition from one configuration to another. In some embodiments, the unused sub-cycles are
configured with some bits from one configuration and some bits from another, which spreads the
increased energy consumption over different sub-cycles. However, some embodiments favor
leaving configurations unchanged in as many rows/sub-cycles as possible. Section VI
demonstrates why the placement and routing processes of some embodiments choose when to
transition from one configuration to the next rather than having a specific rule such as “transition
just before the configuration is first needed”.

D. Emptying Rows During Initial Placement and Routing
[00158] As mentioned above, keeping the same select line “hot” over multiple sub-cycles
conserves energy that would otherwise be lost to power the changing of the select lines.
Accordingly, the placement and routing processes of some embodiments identify groups of
circuits that are driven by a common select driver (sometimes called “rows”). The IC of such
embodiments maintains the same select line of a particular select driver as “hot” during sub-
cycles in which no circuit driven by that particular select driver needs to change. Circuitry for
keeping the same select line hot is described in section V, below. The placement and routing
processes of some embodiments increase the number of such cases by avoiding placing
configurations in rows (i.c., groups of reconfigurable circuits driven by a common select driver)
that do not already need to be reconfigured in a given sub-cycle.

[00159] Figure 18A illustrates the placement of logic circuits from a user design as
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configurations of LUTs and the routing of connections between logic circuits in the user design
as configurations of RMUXs. Figure 18A is a simplified example provided to conceptually
illustrate how costs of adding a configuration to a tile increases or decrease depending on how
full or empty (i.c., how many or few reconfigurations are required from the previous sub-cycle to
the current sub-cycle) a row is. The example includes multiple rows of a single tile to be
configured and only one sub-cycle in which to place configurations. For the sake of simplicity,
the “empty” circuits in Figures 18A and 18B are all “don’t care” configurations rather than
“matching” configurations (configurations that match previous or subsequent configurations of
the same circuits).

[00160] Figure 18A includes user design 1800 with logic circuits 1805A-N, tile layout
stages 1810, 1820, 1830, and 1840, IMUX-LUT rows 1811-1814, LUT 1815, RMUX rows
1841-1844, and RMUX 1845. User design 1800 conceptually illustrates a set of circuits to be
emulated by configurations of reconfigurable LUTs. Circuits 1805A-1805N conceptually
illustrate fourteen particular circuits to be placed by a placement process. Tile layout stages
1810, 1820, 1830, and 1840 represent the layout of a particular tile at different stages of the
placement and routing processes. IMUX-LUT rows 1811-1814 illustrate rows of configurable
logic circuits that the layout fills with configurations. In some embodiments, the configurable
circuits are LUTSs. In some embodiments, the configurable circuits are LUTs with IMUXs. LUT
1815 is the first LUT to be filled (i.c. to have its configuration set in the layout). RMUX 1845 is
the first RMUX to be filled (i.e. to have its configuration set in the layout). As previously
described, RMUXs configurably provide connections between the circuits of the configurable IC
(e.g., LUTs, IMUXs, RMUX, conduits, etc.). For clarity, these connections are not shown in this
figure.

[00161] During tile layout stage 1810, a configuration representing circuit 1805A has been
placed for LUT 1815. As a result of this placement, IMUX-LUT row 1811 is fuller than any
other row. In some embodiments, an almost empty row will be a less preferred location for
placement than an almost full row, but at tile layout stage 1810, the choice is between an almost
empty row 1811 and completely empty rows 1812-1814. Therefore, row 1811 is the preferred
row for additional placements of circuits. This is conceptually illustrated by the plus symbols in
the empty LUTs of row 1811 and the minus symbols in the empty LUTs of rows 1812-1814. As
used in Figure 18, a plus symbol represents a preferred location for placing a configuration and
therefore a decreased cost, while a minus symbol represents a location that is not preferred for
placing a configuration and therefore an increased cost.

[00162] In tile layout stage 1820, circuits 1805B-1805F have been placed. Circuit 1805D
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has been placed in row 1813, which had been completely empty. The placement of a circuit in an
empty row when a more full row is available shows that in some embodiments factors other than
how full or empty a row is determine placement during a placement process. In tile stage 1820,
row 1811 is almost full and is therefore the most preferred row for placement. This is indicated
by the pair of plus symbols in each empty LUT. In tile stage 1820, row 1813, with one full LUT
is preferred over rows 1812 and 1814 which are completely empty. Accordingly, the empty
LUTs of row 1813 are each marked with a single plus symbol, while the empty LUTs of rows
1812 and 1814 are each marked with a minus symbol.

[00163] In tile layout stage 1830, the placement process has just ended, and the routing
process begins. The remaining circuits 1805G-1805N have been placed. Row 1811 is full, row
1813 is almost full and circuit 1805J has been placed in otherwise empty row 1814 for reasons
other than the emptiness of the row. As all circuits are now placed, tile stage 1830 does not
indicate preferred placement locations for LUTs.

[00164] In tile layout stage 1830, the routing process begins with the determination of a
configuration of RMUX 1845 in RMUX row 1842. Since RMUX row 1842 is the least empty
row, it is the preferred row for further configurations of RMUXs. This is indicated by the plus
symbols in the empty RMUXSs of row 1842 and the minus symbols in the empty RMUXSs of rows
1841, 1843, and 1844.

[00165] Tile layout stage 1840 shows four levels of preferences for adding new
configurations of RMUXSs. Row 1842, with five RMUX configurations, is the most preferable,
indicated by the pair of plusses in each RMUX. Row 1843, with four RMUX configurations is
the next most preferable, indicated by the single plus in each RMUX. Row 1844 is almost empty,
so it is less preferable than the more full rows, but more preferable than the completely empty
row 1841. Therefore, row 1844 is marked with a single minus in each RMUX, while row 1841 is
marked with two minuses in each RMUX.

[00166] As mentioned above, Figure 18A is an example provided to conceptually
illustrate how costs of adding a configuration to a tile increases or decrease relative to each other
depending on how full or empty a row is. Placement and routing processes of some embodiments
include many tiles and multiple sub-cycles. Figure 18B illustrates the placement of
configuration of multiple circuits on two LUT rows over four sub-cycles. The placements take
into account a preference for placements in full rows. Figure 18B includes layout stages 1850-
1880. Layout stages 1850-1870 are stages before the completion of placement and routing at
stage 1880. Each layout stage 1850-1870 illustrates the preferred rows for placement with plus

symbols and the non-preferred rows with minus symbols. Each stage shows two LUT rows 1851
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and 1852, and a representation 1853 of the remaining LUT configurations to be placed to
implement the user design. The LUT rows have a loopered number of four so there are four sub-
cycles in which configurations can be placed for each LUT. The sub-cycles are indicated here
and in some other figures by the letters “SC” followed by a number identifying the particular
sub-cycle (e.g., “SCO” represents sub-cycle 0).

[00167] In stage 1850, all twenty-four LUT configurations are unplaced as represented by
the dark squares in representation 1853. Each LUT row 1851 and 1852 represents six physical
LUTs into which configurations can be placed in any of the four sub-cycles. LUT rows 1851 and
1852 are empty.

[00168] In stage 1860, sixteen LUT configurations are unplaced as represented by the dark
squares in representation 1853. LUT row 1851 is almost full in sub-cycle 0 and has one
configuration in sub-cycle 1. LUT row 1851 is empty in sub-cycles 2 and 3. The placement
process has increased the cost of adding configurations to the empty and almost empty sub-
cycles and decreased the cost of adding configurations to the almost full sub-cycle. The
increased and decreased costs are relative to some base cost for placing a configuration for a
LUT. This is shown by plus signs indicating preferable locations for placement and minus signs
representing less favorable locations for placement. Similarly, the fullest sub-cycle of LUT row
1852 is indicated as a preferable location for further placement. In some embodiments, sub-cycle
0 of LUT row 1851 is a more preferable location for placement than sub-cycle 0 of LUT row
1852 because sub-cycle 0 of LUT row 1851 is more full than sub-cycle 0 of LUT row 1852.
Stage 1870 continues this trend with more full sub-cycles being preferred and emptier sub-cycles
being less preferred. Stage 1880 illustrates the completed placement, which has three empty
TOWS.

[00169] At the end of the placement process of some embodiments, some rows are still
designated in the layout as entirely unused (i.e., “don’t care”) during a given sub-cycle. Because
they are unused, their configuration will be irrelevant to the user design in the given sub-cycle.
Because the configurations are irrelevant to the user design in the given sub-cycle, and because it
takes extra energy to switch the select line to activate a different set of configuration circuits, the
ICs of some embodiments “gate” the reconfiguration signal during that sub-cycle. Gating the
reconfiguration signal means leaving the same select line (as the previous sub-cycle) active.
Because the same select line is active, the configurable circuits in the row maintain the same
configuration as in the previous sub-cycle. That is, the configurations of the previous sub-cycles
are held over into the next sub-cycle. Holding over a configuration into an empty sub-cycle

(during runtime of the IC) does not affect the functional operations of the user-design.
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[00170] Gating a row during a particular sub-cycle does not leave the circuits in that row
unconfigured during that sub-cycle. Gating a row leaves the circuits in that row with the same
configuration as the previous sub-cycle. Therefore, in addition to gating rows with only “don’t
care” configurations, some embodiments also gate reconfiguration signals for “empty” rows that
contain only configurations that are either unused or identical to the configurations of the same
row in the previous sub-cycle. That is, since gating maintains the same configuration over
multiple sub-cycles, a row that is unchanged from one sub-cycle to the next can be gated, just
like a row whose circuits are all “don’t care” from one sub-cycle to the next. Accordingly, some
embodiments incentivize placement of identical configurations for a circuit in adjacent sub-
cycles or penalize placement of non-identical configurations in adjacent sub-cycles. Gating of
reconfiguration signals is further described below.

V. SUB-CYCLE RECONFIGURATION SIGNAL GATING

[00171] As described above, the fewer configuration bits of a reconfigurable circuit that
are changed from one sub-cycle to the next, the less energy is used. In some embodiments, a
reconfigurable circuit that does not have any configuration bits changed in a given sub-cycle
presents an opportunity for saving even more energy.

[00172] As previously shown in Figure 10, extra energy is required to change from one
active select line to another, even if the end result is a configuration bit with the same value as in
the previous cycle. In cases where a configuration bit is supposed to change values from one sub-
cycle to the next, the next select line of the configuration selecting multiplexer (e.g., multiplexer
735 in Figure 7) is activated to produce that change. For example, if a configuration bit is
supposed to be “0” in sub-cycle 1 and “1” in sub-cycle 2, then the select line connecting to the
sub-cycle 1 configuration cell (that stores a “0”) is turned off and the select line connecting to the
sub-cycle 2 configuration cell (that stores a “1”) is turned on. In that example, leaving the select
line for sub-cycle 1 on instead of switching to the select line for sub-cycle 2 would result in the
configuration bit being incorrect in sub-cycle 2 (i.e. still “0” instead of changed to “17).

[00173] However, in configurations where a configuration bit is not supposed to change
from one sub-cycle to the next, keeping the same select line active does not produce the wrong
configuration bit in sub-cycle 2. For example, if a configuration bit is “1” in both sub-cycle 1 and
sub-cycle 2, then the configurable circuit would receive the correct bit “1” in sub-cycle 2,
whether the multiplexer supplied a connection to the sub-cycle 1 configuration cell (that stores a
“1”) or a connection to the sub-cycle 2 configuration cell (that also stores a “1”’). Therefore,
switching the select line (or not switching the select line) from sub-cycle 1 to sub-cycle 2 would

make no difference to the configuration of that particular bit of the configurable circuit.
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Accordingly, some embodiments provide circuitry that maintains the same active select line as
long as none of the configuration values driven by a particular select driver change from one sub-
cycle to the next. Maintaining the same active select line through a sub-cycle (for a particular set
of circuits) is sometimes referred to herein as “skipping the sub-cycle”. For example, if the select
line for sub-cycle 0 is kept hot through sub-cycle 1, for brevity that may be described as
“skipping SC1”.

[00174] There are at least three circumstances in which none of the configuration values
driven by a particular select driver change. The first circumstance is when each configurable
circuit driven by that select driver uses the same configuration in both sub-cycles. In that case,
the configuration doesn’t need to change when the sub-cycle changes because the configuration
is already set to what it is supposed to be in the second sub-cycle. The second circumstance is
when each configurable circuit driven by that select driver is unused in a particular sub-cycle. If
a configurable circuit is unused in a sub-cycle, the configurable circuit doesn’t have a
configuration that it is supposed to have in that sub-cycle, so any configuration can be provided
without affecting the user design. For an unused configurable circuit, the output of the
configurable circuit is irrelevant. Accordingly, the configuration which affects that output is also
irrelevant. The third circumstance is when all configurable circuits driven by a particular select
driver either use the same configuration as in the previous sub-cycle or are unused. In such a
case, some configurations don’t need to change because the circuits are unused, and some don’t
need to change because the circuits are already configured correctly.

[00175] In some embodiments, when no circuits in a row are due to change configuration
in a reconfiguration cycle, the select driver for that row maintains the same select line (as in the
previous sub-cycle) as active. Figure 19A illustrates gating circuits that selectively maintain the
select line of a previous sub-cycle. As shown in this figure, the circuitry 1900 includes a select
driver 1910, input lines 1920 and 1922, a space-time (ST) counter 1930, a sub-cycle (SC) gate
1940, a NAND-gate 1950, an OR-gate 1960 with inputs user SC gate 1962 and static SC gate
1964, an AND-gate 1970, and a logic table 1980.

[00176] The select driver 1910 drives select lines for selecting among the pre-loaded
configurations of its associated reconfigurable circuits (e.g., reconfigurable LUTs, RMUXs, etc.)
during specific sub-cycles. The input lines 1920 and 1922 receive signals from a sub-cycle clock.
The ST Counter 1930 keeps track of which sub-cycle the IC is implementing. The SC gate 1940
is a multiplexer connected to data storage units that store data relating to the configuration in
cach sub-cycle. NAND-gate 1950 outputs a negative result when both of its inputs are positive

and a positive result otherwise. OR-gate 1960 outputs a positive result if either of its inputs is
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positive and a negative result if neither of its inputs is positive. Input 1962 receives a signal from
a user sub-cycle gate and input 1964 receives a signal (e.g., a configuration bit value) from a
static sub-cycle gate. AND-gate 1970 outputs a positive result if both its inputs are positive and a
negative result otherwise. Logic table 1980 shows which sets of inputs from various sources will
allow or block the sub-cycle clock signal on input line 1922.

[00177] During sub-cycles in which no configuration of any configurable circuit driven by
a particular select driver is changed, the illustrated circuitry saves power by not changing select
lines during that sub-cycle. In the course of implementing a user design, the ICs of some
embodiments go through many instances of each sub-cycle. For example, in some embodiments,
the IC goes through multiple user design clock cycles, and each user design clock cycle includes
one instance of each sub-cycle. In some embodiments, a set of configurable circuits driven by a
select driver is used in some instances of a sub-cycle, but not in other instances of that sub-cycle.
For example, a set of circuits could be configured in the layout as an adder in sub-cycle 3.
During runtime of the IC, the adder may not be used in sub-cycle 3 of every user design clock
cycle. A program running on the user design implemented by the IC may identify times when the
adder is not used. The circuitry in this figure can receive a user signal that indicates that the
select driver doesn’t need to change select lines for a particular instance of sub-cycle 3 (or any
particular sub-cycle). The circuitry can also receive a signal from a static SC gate to tell the
circuitry that the select driver doesn’t need to change select lines for any instance of sub-cycle 3.
[00178] Like the select driver 830 in Figure 8, the sclect driver 1910 receives signals from
an ST counter 1930 that identifies the current sub-cycle. The select driver 1910 drives select
lines, each of which corresponds to a particular sub-cycle. For brevity, the select line that
corresponds to sub-cycle 0 will be referred to as select line 0, and so forth. However, unlike the
select driver 830 in Figure 8, the select driver 1910 is gated. That is, rather than always
switching from driving the select line corresponding to the previous sub-cycle to the select line
corresponding to the current sub-cycle, the select driver 1910 changes the active select line only
when it also receives a clock signal through AND-gate 1970.

[00179] For example, if the ST counter 1930 sends a signal indicating that the current sub-
cycle has changed from sub-cycle 4 to sub-cycle 5 and the AND-gate 1970 passes a clock signal
to select driver 1910 in that sub-cycle, then the select driver 1910 will switch from driving select
line 4 to driving select line 5. In contrast, if the ST counter 1930 indicates a change from sub-
cycle 4 to sub-cycle 5, but AND-gate 1970 does not pass a clock signal in that sub-cycle, then
the select driver will continue to drive the same select line (select line 4) as in the previous sub-

cycle. That is, the select driver 1910 will continue to drive the same select line until it receives a
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clock signal through AND-gate 1970. Once the select driver 1910 receives a clock signal through

AND-gate 1970, the select driver 1910 will switch the active select line to the select line for the
then current sub-cycle. So, if the clock is blocked in sub-cycles 5-6 and unblocked in sub-cycle
7, then select line 4 will be active during sub-cycles 4-6 and select line 7 will be active in sub-
cycle 7.

[00180] The circuitry connecting to the upper input of the AND-gate 1970 ensures that the
clock signal passes through AND-gate 1970 in sub-cycles in which the configuration bits
controlled by the select driver 1910 are supposed to change. The circuitry also ensures that the
clock signal does not pass through the AND-gate 1970 in sub-cycles in which the configuration
bits controlled by the select driver 1910 are not supposed to change. Configuration cells (not
shown) connected to the inputs of SC gate 1940 store data for each sub-cycle. The data identify
sub-cycles in which no circuits driven by select driver 1910 need a change of configuration. This
figure illustrates an SC gate 1940 with eight inputs for an eight loopered system. However, SC
gates for systems with other looper numbers may have other numbers of inputs. The placement
and routing processes of some embodiments identify the sub-cycles in which no reconfiguration
of circuits driven by select driver 1910 is needed. The placement and routing processes of some
embodiments define configuration values to store in the configuration cells of SC gate 1940
based on the identified sub-cycles. For example, in the embodiment of Figure 19A, the
placement and routing processes define the configuration values of the SC gate to be “1” when
no reconfiguration of circuits driven by select driver 1910 is needed. An example of such
placement and routing processes is illustrated in Figure 21, below.

[00181] The gating circuitry illustrated in Figure 19A uses other inputs in combination
with the data in the SC gate 1940 to determine whether to block the clock signal. Here, the SC
gate 1940 and at least one of the inputs 1964 and 1962 of OR-gate 1960 must cooperate to block
the clock signal. This is shown in logic table 1980. The clock signal passes through AND gate
1970 unless the output of the SC gate 1940 is “1” and at least one of the User SC gate (input
1962) and the Static SC gate (input 1964) is “1”".

[00182] If the SC gate 1940 is set to “1” for a particular set of sub-cycles, then it is
possible to block the clock signal from reaching the select driver 1910 in that particular set of
sub-cycles. The clock signal of some embodiments can be blocked at every instance of the sub-
cycles in that particular set. The clock can be blocked at some instances of the sub-cycles in that
particular set and allowed to pass in other instances of the sub-cycles of that particular set in
some embodiments. The gating circuitry illustrated in Figure 19A allows the clock to be blocked

either in every instance of any given sub-cycle or in instances selected by the user design.
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[00183] In some embodiments, the Static SC gate on input 1964 will be defined to be “1”

by the placement and routing processes (e.g., performed by a computer program) when there are
no sub-cycles in which the clock input of the select driver 1910 needs to be blocked
intermittently. If the static SC-gate is set to “1”, then the configurable circuit will not be
reconfigured in any sub-cycle in which the SC gate 1940 is set to “1”. Alternatively, if there are
sub-cycles in which the clock input of the select driver 1910 needs to be blocked intermittently,
the Static SC gate 1964 will be defined to be “0” by the placement and routing program and the
User SC gate will be set to “1” by a user-signal whenever the output of the configurable circuit is
not relevant. For example, the User SC gate will be set to “1” when a program running on the
configurable IC will be unaffected by the output of that configurable circuit, either because the
circuit is never used in that particular sub-cycle or because the output happens to be irrelevant in
a specific instance of that sub-cycle.

[00184] While the IC of some embodiments use the specific circuits shown in
Figure 19A, in the IC of other embodiments, different arrangements of circuits are implemented
to control when the clock input of the select driver will be blocked. For example, the gating
circuitry of some embodiments uses an SC gate to determine in which sub-cycles to skip
reconfiguration by blocking the clock signal without a NAND gate 1950 or OR gate 1960.
Figure 19B illustrates an alternate set of circuits that allows a signal from the user design to
unilaterally block reconfiguration for a row of circuits. In this figure, AND-gate 1960 and the
Static SC gate input 1964 are omitted and NAND-gate 1950 has been replaced with NOR-gate
1990. Logic table 1995 shows which sets of inputs from various sources will allow or block the
sub-cycle clock signal on input line 1922. Logic table 1995 replaces logic table 1980 because the
circuits that determine whether to block the clock signal are different in Figure 19A and 19B.
[00185] The set of circuits shown in Figure 19A can skip reconfiguration of the
reconfigurable circuits (not shown) driven by select driver 1910 in specific sub-cycles (e.g., sub-
cycles 1, 3, and 6). This happens when the SC gate for that cycle is set to skip those cycles and
the static SC gate (always on or always off according to its configuration setting) is set to allow
gating. Alternatively, it can happen when the SC gate for that sub-cycle is set to skip those sub-
cycles and the User SC gate (set on or off by a user design signal) is set to allow gating.

[00186] However, the set of circuits in Figure 19A does not allow both (1) gating in
particular sub-cycles in all user cycles and (2) gating all sub-cycles; unless the user design takes
full control in every sub-cycle. For the gating circuitry illustrated in Figure 19A, the only way to
(1) skip reconfiguration in sub-cycles 1, 3, and 6 in every user cycle and (2) skip all sub-cycles

in some user cycles is to have all the SC gate bits set to allow gating and turn the User SC gate
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on only in SC1, SC3, and SC6 during user cycles when the circuit is in use and turn the User SC
gate on in all sub-cycles during user cycles when the circuit is not in use.

[00187] In contrast, in the gating circuitry illustrated in Figure 19B, the sub-cycle gating
bits defined in the layout of the IC gate the clock in the specific sub-cycles and the user design
can send a signal to just switch off the clock for all sub-cycles. In the IC of some embodiments
that use the gating circuitry illustrated in Figure 19B, the user design signal is only activated for
an integer number of user cycles.

[00188] Gating for a full user cycle is one way to ensure that once the user design allows
the circuits to reconfigure again, the configuration has the intended value. For example,
configurations could be set only in SC5, SC6, and SC7. The select driver could be gated in SC 0-
4 (in every user cycle) due to the sub-cycle gating bits. In such a case, the reconfigurable circuit
driven by the select driver would reconfigure in sub-cycles 5-7 and would maintain the
configuration set in SC7 for sub-cycles 0-4). A user design signal that blocks reconfiguration for
exactly ten user cycles blocks every reconfiguration from SCn in one user cycle to SC(n-1) ten
user cycles later (where n is an integer from 0 to 7 and n-1 represents the previous sub-cycle e.g.,
if n=0 then n-1=7). For ten user cycles, the configuration would remain as it was set in SC(n-1)
of the user cycle in which the user design signal was first received. When the user signal gating
ends at the beginning of SCn (ten user cycles later), the reconfigurable circuit still has the
configuration of SC(n-1) (from ten user cycles before). The user design signal is not the only
signal that can block the select driver from reconfiguring. Accordingly, if the user design signal
ceases during a sub-cycle that is gated due to the setting of the SC gate, then the configuration
will be maintained until the next sub-cycle in which the reconfigurable circuit is scheduled to
reconfigure (by the SC gate).

[00189] When using the gating circuitry of Figure 19B, if SCn is sub-cycle 5, 6, or 7, then
the removal of the user design gating signal allows the circuit to reconfigure right away (to the
configuration of SCn). If SCn is sub-cycle 0, 1, 2, 3, or 4, then the row does not reconfigure
because the select driver is still gated in SCn due to the static SC gate settings. Since the row has
not reconfigured since SC(n-1) of ten user cycles before, the row is still in the same
configuration as it would have been without the user signal gating. For example, if n is “2” then
the user design signal started gating the select driver after sub-cycle 1. In sub-cycle 1, the select
driver had been gated by the SC gate since SCO and therefore still had the same configuration as
in SC7 (of the previous user cycle). That configuration would be maintained (because of the user
design signal) until SC2 (ten cycles later). In SC2, the configuration is supposed to be the same

as configuration SC7 (ordinarily because the SC gate settings blocked reconfiguration since

- 48 --



10

15

20

25

30

WO 2011/123151 PCT/US2010/053487
SC7). Therefore the configuration will be what it should be after the user design signal is

removed.

[00190] In contrast, if the user design gating signal is not maintained for an integer
number of user cycles, some other provisions for reconfiguring after a user design gating signal
ends can be made. Otherwise, the wrong configuration will be set after the user design gating
signal ends. For example, configurations could be set in SC5, SC6, and SC7, while SC 0-4 are
gated (and thus maintain the same configuration as set in SC7). The user design signal could be
gated from SC6 in one user cycle to SCO ten user cycles later (i.e., not an non-integer multiple of
the number of user cycles).

[00191] The select driver is first gated (by the user design signal) at SC6. Accordingly, the
configuration for the select driver’s reconfigurable circuit is set in of SC5 and maintained until
the user design signal is turned off in SCO (ten user cycles later). At SCO (ten user cycles later),
the user design signal is switched off, but the select driver is still gated because the configuration
of the SC gating bits blocks reconfiguration in SC 0-4. Therefore, the configurable circuit does
not reconfigure immediately upon the removal of the user design signal. The reconfigurable
circuit (because of the user design signal) still has the configuration set back in SC5 of the
original user design cycle. The configuration in SC 0-4 should be the same as the configuration
of SC7. The configuration after the user design signal ends is the configuration of SC5, not SC7
(which it is supposed to be).

[00192] If the entire row is “don’t care” in SC 0-4, then the mismatch between the
intended configuration (the configuration of SC7) and the actual configuration (the configuration
of SC5) does not affect the user design. However, if any reconfigurable circuit in the row is used
in any of SC 0-4 and is defined in the layout as having the same configuration as in SC7 (e.g.,
the same configuration for that circuit as SC7 is actually needed, rather than “don’t care”), then
that circuit may give erroneous results.

[00193] The user design gating signals of some embodiments are sent out on a per tile
basis. That is, each tile has a separate user design gating signal common to all rows in that tile. In
such embodiments, an entire tile can be gated when the tile is unused in a particular user cycle.
For example, if an entire tile is dedicated to a set of adding operations that are only used once
every thirty seconds, the common user design gating signal for all rows on that tile blocks the
entire tile from reconfiguring except when the tile is used (once every thirty seconds).
Furthermore, in some embodiments, a user design gating signal can be used with gating circuits
even when the IC does not gate individual sub-cycles (e.g., with no SC Gate 1940 and NOR-gate
1990).
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[00194] Figure 20 illustrates circuits of another embodiment for driving select lines of a
one-hot multiplexer that selectively maintains the select line of a previous sub-cycle. The
embodiment in this figure includes a set of decode and repair circuits 2010 between the SC
counter 1930 and the select driver 1910. In the IC of some such embodiments, these decode and
repair circuits 2010 command the select driver 1910 to use a spare select line, rather than one of
the standard select lines under certain conditions. For example, the IC of some such
embodiments includes a select driver with 9 lines for an eight-loopered scheme. The select
drivers of such embodiments use 8 of the lines under normal circumstance (i.e., when all parts of
the reconfiguration system for a given row of reconfigurable circuits are working). However,
under circumstances in which there is some problem with one of the usual 8 lines, the decode
and repair circuits 2010 would command the select driver to use the spare select line and to avoid
using a damaged select line, damaged configuration selecting multiplexers along the select line
to be avoided, or damaged configuration cells.
VI. PLACEMENT AND ROUTING FOR GATED SELECT DRIVERS

A, Gating Entire Rows of Circuits
[00195] The preceding section described a gated select driver that doesn’t switch select
lines when the configuration of a configurable circuit is unchanged from one sub-cycle to the
next. Each select driver in some embodiments drives multiple configurable circuits. That is, the
select lines driven by a given select driver determine the active configuration storage cells for
more than one configurable circuit. In the IC of some embodiments, these groups of circuits with
common select lines are arranged in rows on a tile of the IC. The rows of some embodiments
cach contain multiple reconfigurable circuits (although the reconfigurable circuits in the rows of
some embodiments may not be physically aligned with each other). Each of the reconfigurable
circuits in a row is selectably connected to multiple sets of configuration cells. The IC of some
embodiments has multiple rows of configurable circuits on each of multiple tiles arranged in an
array on the IC.
[00196] The seclect driver gating circuits illustrated in Figure 19A can be used in
embodiments in which the select drivers control the configuration of multiple configurable
circuits. In such embodiments, a select driver changes the active select line in any sub-cycle in
which any configurable circuit driven by that select line requires a configuration change. The
entire row of circuits driven by the gated select driver undergoes a select line change when even
a single bit of any circuit driven by that gated select driver is reconfigured. Accordingly, the
select lines of such embodiments should only be left unchanged in sub-cycles when no

configuration bit driven by that select driver needs to be reconfigured.
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[00197] There may be rows that are empty through default behavior of placement and

routing processes, particularly when few circuits need to be placed and routed in order to
implement a particular user design. For example, if implementing the user design uses
significantly fewer LUTs than the number available on the IC, there may be large areas of the IC
that are unused in most sub-cycles. In such circumstances, circuitry for gating the
reconfiguration signals would be useful even without placement and routing processes that
increase the opportunities for gating. Simply gating the rows that happen to be empty would save
power.
[00198] However, user designs that require larger numbers of LUTSs reduce the number of
fortuitous opportunities to skip a reconfiguration of a row of LUTs. Accordingly, the placement
and routing processes of some embodiments are designed to increase the number of “empty
rows”. That is, the processes increase the number of instances in which the configurations of a
row of reconfigurable circuits (with a single select driver) are unchanged from one sub-cycle to
the next. This increases the number of times that reconfiguration signals can be gated when
implementing a given user design.

B. Placement and Routing to Increase Gating Opportunities
[00199] As mentioned above, even a single changed configuration bit in an entire row of
configurable circuits with a common select driver precludes gating. Therefore, some
embodiments provide a modified placement and routing process to implement a large increase in
the cost of placing a different configuration from one sub-cycle to the next for any circuit in a
row of circuits whose select lines are driven by the same select driver.
[00200] Some embodiments provide a modified version of the placement and routing
processes 1500 and 1600 previously shown in Figures 15 and 16. In some such embodiments,
software that implements the placement and routing processes has data that identifies which
groups of circuits use a common select driver. A group of circuits that use a common select

(13

driver is called a “row”, herein, whether or not the group is physically in a row.
Figures 18A and 18B, in section IV.D., above illustrate placement and routing that increases the
number of empty rows in a layout. The set of sub-cycles of the same circuit may be referred to as
a “column” of configurations.

[00201] For ease of description, the configurable circuits in Figures 18A and 18B were
previously described as being either full or empty. In the description of Figures 18A and 18B, a
“full” configurable circuit was a configurable circuit in the layout that had been assigned a

configuration, while an “empty” configurable circuit was a configurable circuit that had not been

assigned a configuration (i.e., a “don’t care” configuration). In the description of Figures 18A
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and 18B, the placement and routing processes increased the cost for placing any configuration in
a row that was otherwise “don’t care”. That description did not consider the specific
configurations to be placed when increasing the cost of placing configurations, but instead
increase or decrease the cost based on how full or “don’t care” the rows were.
[00202] However, the placement and routing processes of some embodiments do not use
“full” or “don’t care” as the only relevant conditions for determining the cost of placement. As
previously described, in some embodiments, a select driver can be gated (skipping the
reconfiguration) for a row in which the configuration does not change from one sub-cycle to the
next. Also as previously noted, configurations can be unchanging either because they are “don’t
care” configurations or because they are matching configurations. Therefore, the placement and
routing processes of some embodiments increase the cost of placing non-matching
configurations in a mostly “don’t care” row. However, the placement and routing processes of
such embodiments do not increase the cost of placing a matching configuration in a mostly
“don’t care” row. In fact, the placement and routing processes of some embodiments actually
decrease the cost for placing matching configuration. That is, the placement and routing
processes of such embodiments preferentially select “matching” configurations as much as or
more than preferentially selecting “don’t care” configurations. Placement and routing processes
of other embodiments increase the cost of placing matching configurations, but do not increase
the cost for placing matching configurations as much as they increase the cost for placing non-
matching configurations.

C. Post Placement and Routing Processing
[00203] The placement and routing processes of some embodiments add additional
operations after initial placement and routing that changes the initially determined layout to
reduce the number of times that rows of circuits with common select drivers have to be
reconfigured. Figure 21 illustrates a process 2100 of some embodiments that reduces the number
of configuration changes in a placed row. Some operations of Figure 21 are illustrated with
respect to Figures 22, 23, 24, and 25.
[00204] The process 2100 includes an operation that swaps configurations of two
reconfigurable circuits in the layout. Figures 22 and 23 illustrate part of a layout of planned
configurations before and after the planned configurations of LUTs in the layout are swapped.
The planned configurations in these figures show the starting and ending states of two rows of
LUTs (e.g., representing two rows on the IC, each row with its own select driver) in a layout that
has already been placed. Figures 22 and 23 show how a post-placement process “empties’ a sub-

cycle of a LUT row. Specifically, the figures show how the process 2100 swaps an unmatching
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configuration for a matching configuration taken from another row. In some embodiments, a
LUT configuration can be partly identical and partly “don’t care”. For example, in a given sub-
cycle, the first four configuration bits of a LUT with eight configuration bits could be “0101”
while the last four configuration bits could all be “don’t care”. Such a configuration would match
any LUT with the first four bits “0101” (e.g., configuration “0101uuuu” would match either
“01011111” or “01011010”). However, as is the case in Figures 22 and 23, in some
embodiments, each reconfigurable circuit (e.g., a LUT) either has all of its configuration bits
defined or all of its configuration bits “don’t care” in any given sub-cycle. Such embodiments do
not have reconfigurable circuits (e.g., LUTs) with some configuration bits defined and some
configuration bits “don’t care”.

[00205] Figure 22 includes pre-swap LUT row 2210, pre-swap LUT row 2220, post-
swap LUT row 2230, and post-swap LUT row 2240. LUT rows 2210 and 2230 include LUTs
2212 and 2214. LUT rows 2220 and 2240 include LUT 2222. The layout’s planned
configuration bits for the LUTSs, before and after the placement and routing process swaps them,
are shown in two adjacent sub-cycles. Figure 23 includes pre-swap LUT row 2310, pre-swap
LUT row 2320, post-swap LUT row 2330, and post-swap LUT row 2340. LUT rows 2310 and
2330 include LUTs 2312 and 2314. LUT rows 2320 and 2340 include LUT 2322. Configuration
bits for the LUTs before and after the swaps are shown in two adjacent sub-cycles. Configurable
circuits in the layout that are not used in one sub-cycle are defined in some embodiments to be
the same configuration as an adjacent sub-cycle, but the placement and routing processes keep
track of their “unused” status and update the configurations when they are moved. In Figure 23,
the unused status of LUT 2322 is indicated by the “u” over the configuration bits in pre-swap
sub-cycle 1 for LUT 2322 and post-swap sub-cycle 1 for LUT 2312. Figures 22 and 23 show
two rows, two configurable circuits per row and two sub-cycles. In the IC of some embodiments,
larger numbers of rows, configurable circuits per row, or sub-cycles are used. The IC of some
embodiments uses multiple circuit types in a given row of circuits with a common select driver.
For example, the IC of some embodiments has a row that is driven by a common select driver in
which the row contains both RMUXs and LUTs. Further descriptions of the elements of these
figures will be provided in context of process 2100 of Figure 21.

[00206] The process 2100 identifies rows of circuits in the layout whose planned set of
reconfigurations can be changed in order to increase the number of rows that can skip one or
more reconfigurations. The process 2100 begins by identifying (at 2110) a row with adjacent
sub-cycles that have the most matching configurations. As mentioned above, configurations of a

circuit “match” from one sub-cycle to the next if the configuration is an identical configuration,
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or an unused configuration.

[00207] In Figure 22, pre-swap LUT row 2210 includes LUT 2214, which keeps the same
configuration from sub-cycle 0 to sub-cycle 1. Pre-swap LUT row 2210 also has LUT 2212.
Before the swap, the planned configuration of LUT 2212 in sub-cycle 0 is different from the
planned configuration of the same LUT 2212 in sub-cycle 1. Before the swap, LUT 2212
changes two of its bits from sub-cycle 0 to sub-cycle 1. Because LUT row 2210 uses common
select lines (not shown) for both LUTs 2212 and 2214, the reconfiguration of LUT 2212 would
necessitate changing the common select lines (in sub-cycle 1) of both LUTs 2212 and 2214.
Similarly, in Figure 23 pre-swap LUT row 2310 includes LUT 2314, which keeps the same
configuration from sub-cycle 0 to sub-cycle 1. Pre-swap LUT row 2310 also has LUT 2312,
which changes two configuration bits from sub-cycle 0 to sub-cycle 1. Because LUT row 2310
uses common select lines (not shown) for both LUT 2312 and LUT 2314, the reconfiguration of
LUT 2312 would necessitate changing the common select lines (in sub-cycle 1) of both LUTs
2312 and 2314.

[00208] Once a pair of sub-cycles for a row is identified with mostly matching
configurations (in operation 2110), the process 2100 identifies (at 2120) which configurable
circuits in that row don’t match (i.e., are planned to reconfigure from one sub-cycle to the next).
For example, in Figure 22, the process would identify LUT 2212 as not matching because it
reconfigures from sub-cycle 0 to sub-cycle 1. In Figure 23, the process would identify LUT
2312 as not matching because it reconfigures from sub-cycle 0 to sub-cycle 1.

[00209] Returning to Figure 21, the process 2100 then swaps (at 2130) one of the
configurations of the reconfiguring reconfigurable circuit (either in the earlier or later sub-cycle)
with a matching configuration. That is, a configuration that matches the configuration of the
reconfiguring reconfigurable circuit in the other sub-cycle. The matching configuration could be
taken from another circuit in a different row (or the same row) and/or a different sub-cycle
circuit. In some cases, there will be no available matching configurations to swap (e.g., no other
such configurations were placed, any matching placed configurations cannot be moved for
routing reasons or because moving them would break up an already matching pair of
configurations, etc.). In such cases the process 2130 breaks out of the loop and returns to 2110 to
identify another row (the loop breaking is not shown to avoid obscuring the other parts of the
process). The layouts of some embodiments include two types of matching configurations, either
of which are suitable as the second circuit in such a swap: 1) a configuration identical to the
configuration that the first circuit has in the adjacent sub-cycle, or 2) an unused configuration.

Examples of each type of matching configuration are provided in Figures 22 and 23,
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respectively.

[00210] In Figure 22, the pre-swap configuration of LUT 2222 in sub-cycle 1 is identical
to the pre-swap configuration of LUT 2212 in sub-cycle 0. Because it is the same configuration
as the pre-swap LUT’s 2212 configuration in sub-cycle 0, it is a matching configuration for pre-
swap LUT’s 2212 configuration. Therefore, swapping brings in an identical configuration. This
18 illustrated by LUT 2212 in post-swap row of LUTs 2230, which has identical configurations in
sub-cycle 0 and sub-cycle 1. When the post-swap layout is implemented on a configurable IC,
the configuration of LUT 2212 will not change from sub-cycle 0 to sub-cycle 1.

[00211] In Figure 23, the pre-swap configuration of LUT 2322 in sub-cycle 1 is unused,
as indicated by the “u” in place of the configuration. Because it is unused it is a matching
configuration for pre-swap LUT 2312. After the swap, LUT 2312 in post-swap row of LUTs
2330 is unused. Therefore, when implementing the post-swap layout, LUT 2312 does not need to
be reconfigured from sub-cycle 0 to sub-cycle 1. The process 2100 of some embodiments
reserves the unused configuration so that it can’t be swapped out by another row (which could
ruin one match to make another). However, the process 2100 of some embodiments can swap an
unused circuit for a used configuration that also matches the adjacent sub-cycle. That is, the
process 2100 of some embodiments frees up the “don’t care” configuration (e.g., to use it to
make matches elsewhere) by replacing it with the actual configuration that it is standing in for.
As part of the swap, the process 2100 of some embodiments defines the configuration of the
unconfigured circuit to match the configuration of the same circuit in the adjacent sub-cycle. The

effects of such “filling in

Figures 24 and 25.

of unused configurations are described in relation to

[00212] Figures 24 and 25 illustrate filling in unused configurations with the
configurations from adjacent sub-cycles. These figures show the effects of filling in at various
stages of the process of implementing a user design. The figures show the configuration in the
layout, the configuration values stored in the configuration cells during runtime, the
configuration values presented to the reconfigurable circuit during multiple sub-cycles, and a
timing diagram that shows which select line is active in each sub-cycle. Figure 24 illustrates a
possible gating of a reconfiguration signal without filling in unused configurations. Figure 25
illustrates a possible gating of a reconfiguration signal with filling in unused configurations.
Figure 24 includes LUT row layout 2410, configuration cell table 2420, LUT configuration table
2430, and select line value timing diagram 2440. LUT row layout 2410 shows the configurations
of a row of six LUTs in the layout in four sub-cycles in a four loopered system. Configuration

cell table 2420 shows the configuration data stored in the configuration cells for four sub-cycles
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of the six reconfigurable LUTs during runtime. LUT configuration table 2430 shows the

configurations of the six LUTs in each sub-cycle during runtime. Select line value timing
diagram 2440 shows the values of the select lines that connect the configuration cells to the
configurable circuit during runtime, where each select line corresponds to a particular sub-cycle.
The sub-cycles are indicated here and in some other figures by the letters “SC” followed by a
number identifying the particular sub-cycle (e.g., “SCO” represents sub-cycle 0).

[00213] Layout 2410 represents planned configurations of a row of LUTSs in the layout,
not data stored in actual configuration cells, and not the actual configurations of the LUTs in
runtime. In Figure 24, the unused configurations have not been filled in. The unused
configurations are represented by “u”. Each letter in the configurations other than “u” (e.g., “A”,
“B”, and “C”, etc.) represents a different configuration of a reconfigurable circuit (e.g., a LUT).
The entire row of LUTs is unused during sub-cycle 2. Accordingly, when this layout is
implemented, the row can be gated during sub-cycle 2.

[00214] Configuration cell table 2420 represents the configurations stored in the
configuration cells for the row on the physical IC. The values stored in the configuration cells of
the LUTs with unused configurations will be whatever the default values the process 2100 for
that embodiment dictates (e.g., all zeros). When the IC of embodiments with reconfiguration
signal gating implements a design with gated circuits, the configurations stored in the
configuration cells for a given sub-cycle are not necessarily the configurations that will reach the
configurable circuits during that sub-cycle. In Figure 24, because the entire row of LUTSs is
unused in sub-cycle 2, the row will be gated in sub-cycle 2. The select line values will therefore
remain the same through sub-cycle 1 and sub-cycle 2. As shown in timing diagram 2440, the
select line for sub-cycle 2 (SEL2) is off over the entire cycle. As also shown in timing diagram
2440, the select line for sub-cycle 1 (SEL1) is on for both sub-cycle 1 and sub-cycle 2.
Therefore, during both sub-cycle 1 and sub-cycle 2, the LUTs will be connected to the
configuration cells that store the configuration intended to be used in sub-cycle 1.

[00215] The configurations that are actually applied to the configurable circuits are shown
in LUT configuration table 2430. As a result of the unchanging select line, the actual
configurations of the LUTs during sub-cycle 2 are the configurations stored in the configuration
cells for sub-cycle 1, not the configurations (i.e., default configurations for unused LUTs) stored
in the configuration cells for sub-cycle 2.

[00216] In Figure 24, without filling in the unused configurations (shown as “u’), gating
is not possible from sub-cycle 0 to sub-cycle 1, because in layout 2410, the third LUT in the row

is planned to be in configuration D in sub-cycle 1 but unused in sub-cycle 0. Absent an operation
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to fill in the unused configurations, the configuration stored in the configuration cells for the
third LUT for sub-cycle 0 will be the default unused configuration. Accordingly, the third LUT
must be reconfigured from that default unused configuration in sub-cycle 0 to the configuration
D in sub-cycle 1.

[00217] Gating is possible from sub-cycle 1 to sub-cycle 2 because the user design is
unaffected by the configuration of the row in sub-cycle 2. Therefore, the configuration of sub-
cycle 1 can continue into sub-cycle 2 without affecting the user design. The gating is shown in
timing diagram 2440. In timing diagram 2440, the select line for sub-cycle 1 is shown as active
through sub-cycle 1 and sub-cycle 2. The select line for sub-cycle 2 is never activated.

[00218] Because of the gating of the reconfiguration signal in sub-cycle 2, the set of
configurations provided to the reconfigurable LUTs in sub-cycle 2 is the same as the set of
configurations provided to the reconfigurable LUTs in sub-cycle 1. The configuration common
to both sub-cycle 1 and sub-cycle 2 is conceptually represented in LUT configuration table 2430
by the configuration sets for the two sub-cycles being shown in a bounding box and with no
space between the sub-cycles. This close connection visually emphasizes that the sub-cycles
share a common select line and are provided by a common set of configuration cells. The
closeness of the identical sub-cycles in the LUT configuration table 2430 does not indicate any
change in the timing or length of the sub-cycles.

[00219] At the end of sub-cycle 2, the configurations of the LUTSs, as shown in LUT
configuration table 2430 are the configurations of sub-cycle 1, because the reconfiguration is
gated in sub-cycle 2. Therefore, the determining factor in whether the reconfiguration signal can
be gated in sub-cycle 3 is whether any configuration of a LUT in sub-cycle 3 conflicts with the
configuration of the LUT in sub-cycle 1. Here, in the layout, the third LUT from the left has
configuration F in sub-cycle 3 and has configuration D in sub-cycle 1. Because the
reconfiguration is gated in sub-cycle 2, the third LUT from the left still has configuration D in
sub-cycle 2 (as shown in LUT configuration table 2430). Configuration D is not the same as
configuration F. Accordingly, at least one LUT (i.e., the third LUT from the left) needs to be
reconfigured from sub-cycle 2 to sub-cycle 3, the transition from sub-cycle 2 to sub-cycle 3
(which switches select lines from sub-cycle 1 to sub-cycle 3) can’t be skipped. Timing diagram
2440 shows that in sub-cycle 3, select line 3 is active. Similarly, the configurations of some
LUTs in sub-cycle 0 do not match with the configurations of the LUTSs in sub-cycle 3. Therefore,
as the timing diagram 2440 shows, the active select line changes to select line 0 in sub-cycle 0.
In Figure 24 an empty sub-cycle for the row (sub-cycle 2) allows the reconfiguration to be gated

in only one sub-cycle. However, the process 2100 of some embodiments increases the number of
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sub-cycles that can be gated by filling in the appropriate configurations.

[00220] In Figure 25, the user design to be implemented is the same, but by filling in the
unused configurations, an extra sub-cycle becomes gateable. Figure 25 includes LUT row layout
2510, configuration cell table 2520, LUT configuration table 2530, and select line value timing
diagram 2540. In the LUT row layout 2510, the LUTs that are actually used in implementing the
user design (in a given sub-cycle) are defined with the same configuration as shown in layout
2410 of Figure 25. Accordingly, the user design is unchanged. However, the unused LUTs from
layout 2410 have been configured in layout 2510 in a way that reduces the number of
configuration changes from one sub-cycle to the next (as compared to the number of
configuration changes illustrated in Figure 24.

[00221] As Figure 25 shows, after filling in the blanks, every LUT in the layout 2510 has
the same configuration in sub-cycle 0 and sub-cycle 1. In Figure 24, the third LUT from the left
needed to be reconfigured from default in sub-cycle 0 to configuration D in sub-cycle 1. Here,
the placement process (or post placement process) recognizes that the third LUT from the left
will need to have configuration D in sub-cycle 1 and is unused (configuration irrelevant) in sub-
cycle 0. Because the third LUT from the left is unused in sub-cycle 0, the user design will not be
affected if the LUT had configuration D in sub-cycle 0. The process therefore defines the LUT to
have configuration D in sub-cycle 0 rather than wait until sub-cycle 1. Because no configuration
for that row in the layout changes from sub-cycle 0 to sub-cycle 1, gating is possible from sub-
cycle 0 to sub-cycle 1. Circumstances in which filling in from a particular sub-cycle will make a
row match is a reason why (as mentioned with respect to Figure 17) the placement and routing
processes of some embodiments do not follow a simple rule like “fill in configurations from the
preceding sub-cycle”.

[00222] In the configuration cell table 2520, the configurations in sub-cycle 0 are the
filled in configurations from the layout 2510. As timing diagram 2540 shows, in sub-cycle 0,
sub-cycle 1, and sub-cycle 2, select line 0 is active. As LUT configuration table 2530 shows, the
configurations are the same in sub-cycle 0, sub-cycle 1, and sub-cycle 2. The configurations of
sub-cycles 0-2 are grouped together to emphasis they are identical, not to show a literal
proximity. All configurations in LUT configuration table 2530 for LUTs that are used to
implement the user design (i.e., all the LUTs that are not shown with a “u” in the layout 2510)
are the same as the corresponding configurations designated in the layout 2510 (and layout 2410)
to implement the user design. Similarly, the LUTs used in LUT configuration table 2530 of
Figure 25 to implement the user design have the same configurations as the corresponding LUTs

in LUT configuration table 2430 in Figure 24. Either set of configurations (in configuration

58 -



10

15

20

25

30

WO 2011/123151 PCT/US2010/053487

table 2430 or configuration table 2530) would implement the same user design. Therefore filling
in the unused configurations does not impair the ICs ability to perform the operations of the user
design.

[00223] In some embodiments, the configuration cells that will not be activated when
implementing a given layout are left in their default state rather than having configuration data
stored in them. Therefore, configuration cell table 2520 in sub-cycle 1 shows that the
configuration cells are unused. Because the configuration cells for sub-cycle 1 will not be
connected to the reconfiguration circuit in any sub-cycle of the runtime of a gating IC with that
layout, the configuration of those cells does not affect the user design. The placement and
routing processes (or post processes) of some embodiments “knows” that the reconfiguration
signal will be gated in sub-cycle 1 and therefore leaves the actual configuration cell values as
their default values. In some other embodiments, the configuration cells do store configuration
data even though they will not be activated.

[00224] As in Figure 24, gating is possible from sub-cycle 1 to sub-cycle 2 because the
configuration of the unused row in sub-cycle 2 does not affect the user design. As the timing
diagram 2540 shows, the active select line changes from select line 0 to select line 3 in sub-cycle
3 because the configurations of sub-cycle 3 does not match the (held over) configuration of sub-
cycle 0.

[00225] As described in section IV, the placement and routing processes of some
embodiments fill in configurations that reduce configuration bit changes, even when doing so
will not result in an opportunity to gate the reconfiguration signal. Accordingly, the process fills
in the last two LUTs in the row as configuration F (as shown in layout 2510) because some
energy is saved by not changing the configuration of a LUT, even if the select line changes. By
setting the configuration of the last two LUTSs to configuration F in sub-cycle 0, the last two
LUTs have the same configurations for all four sub-cycles. Thus, the process eliminated the need
for any change of the values of the configuration bits of those LUTs.

[00226] As mentioned above, the configuration cells of some embodiments do not actually
store any configuration bits in for the reconfigurable LUTs for sub-cycle 1 or sub-cycle 2 as the
select lines for those sub-cycles will not be activated. However, the configurations are shown in
the layout 2510 as indicators of the configurations that the LUTs will have in those sub-cycles.
Showing the filled in values in layout 2510 also demonstrates that even though the LUTs are
unused in sub-cycle 2, they are not available for gating the transition from sub-cycle 2 to sub-
cycle 3. An unused LUT configuration can be defined to match either the configuration of the

sub-cycle before it, or the configuration of the sub-cycle after it, but not defined to match two
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different configurations. Similarly, for a LUT with some configuration bits used and others not
used, each unused bit can be defined to match the bit from the configuration before it or the
configuration after it, but not defined to match two different bit values.

[00227] While the ICs of some embodiments block reconfiguration for empty rows, some
embodiments can also block reconfigurations for sub-cycles after an empty row. While Figure
25 shows sub-cycles 1 and 2 as being gated, the unused row (empty row) in SC2 could be filled
in to match SC3 instead of SC1. In that case, the row in SC2 would be defined with the
configuration of the subsequent sub-cycle, SC3 (i.e., all Fs). In such a case, the unused
configurations in sub-cycle 2 would have been defined to have configuration F. The select lines
of sub-cycles 1 and 3 would be off for all sub-cycles. The select line of sub-cycle 0 would be on
for sub-cycles 0 and 1; the select line of sub-cycle 2 would be on for sub-cycles 2 and 3. The
process 2100 of some embodiments would match sub-cycle 2 with sub-cycle 3. The process
2100 of other embodiments would match sub-cycle 2 with sub-cycle 0 and sub-cycle 1. The
process 2100 of still other embodiments would match sub-cycle 2 with either sub-cycles 0 and 1
or with sub-cycle 3, depending on the circumstances. The placement and routing processes of
some embodiments fill in the unused configurations as the configurations are swapped (at 2310).
However, the placement and routing process of some embodiments fill in the unused
configurations after the rest of the process 2100 is performed, rather than as part of the swap (at
2130) itself.

[00228] After the swap (at 2130) and any filling in performed by the process 2100 the
process 2100 reroutes (at 2140) any connections to the LUTs that have swapped configurations.
In the layout being produced by the placement and routing process, swapping the configurations
of the two LUTs is equivalent to switching the positions of two circuits in the user design. The
inputs and outputs of the circuits in the layout move with the circuits. Therefore, to restore
circuit connections broken by the move, the process 2100 of some embodiments reroutes the
connections of the configurable routing circuits.

[00229] The process 2100 then determines (at 2150) whether the configurations of the
entire row match in adjacent sub-cycles (i.c., the same configuration or at least one “don’t care”
in each of the adjacent sub-cycles). If the configurations of any reconfigurable circuit do not
match in the two sub-cycles, then the process 2100 loops back to identify (at 2120) the next
circuit that is reconfigured from one of the adjacent sub-cycles to the next. If the configurations
are identical, then the process 2100 defines (at 2160) the SC gate bit for the row to block the sub-
cycle clock from the select driver the later sub-cycle. Because the entire row of configurable

circuits is unchanged from one sub-cycle to the next, the select line of the first sub-cycle will
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provide the same configuration as the select line of the second sub-cycle. Accordingly, setting
the SC gate to block the sub-cycle clock saves energy by blocking an unnecessary
reconfiguration. In some embodiments, the process 2100 also defines the static SC gate
configuration to block the clock signal in operation 2160. As shown in Figure 19A, when both
the static SC gate and the SC gate 1940 are set to block the clock signal, the clock will be
blocked in the sub-cycles indicated by the SC gate. The process 2100 of some embodiments sets
the bit to “1” to indicate that the clock should be blocked. The process 2100 of embodiments sets
the clock to a data value other than 1 to indicate that the clock should be blocked.

[00230] In Figure 22, the configurations in sub-cycle 0 and sub-cycle 1 are identical for
both LUTs 2212 and 2214 in post-swap row 2230. The whole row is unchanged from sub-cycle
0 to sub-cycle 1. Therefore the placement and routing process 2100 defines the SC gate bit to
“block” for that row of LUTs in sub-cycle 1. In Figure 23, LUT 2314 in post-swap row of LUTs
2330 has an identical configuration in sub-cycle 0 and sub-cycle 1. LUT 2312 has an identical
configuration in sub-cycle 0 and sub-cycle 1 (active in sub-cycle 0 and unused in sub-cycle 1),
and therefore it does not need to be reconfigured from sub-cycle 0 to sub-cycle 1. The process
2100 then determines (at 2170) whether more rows (or the same row in a different pair of sub-
cycles) should be examined for potential elimination of reconfigurations (e.g., whether all
rows/sub-cycles that could be emptied have been examined). If more rows/sub-cycles should be
identified for emptying (i.e., potential elimination of reconfigurations), then the process 2100
loops back to operation 2110 and identifies a new row (and/or pair of sub-cycles) to examine. In
some embodiments, the process identifies a row (in consecutive sub-cycles) with as many “don’t
care” or matching configurations as possible. If no more rows/sub-cycles should be examined,
then the process 2100 ends.

[00231] The process 2100 is one example of a process that reduces the number of
reconfigurations of a reconfigurable IC. The post-placement process of some other embodiments
provides the same operations in different orders. The post-placement process of still other
embodiments may provide additional operations.

[00232] The process 2100 of some embodiments tries to make two (or more) matches with
one swap. For example, if the process needs a configuration “B” (in the layout) for a particular
LUT to make a match with the same LUT in an adjacent sub-cycle. Before the swap the
particular LUT has configuration “C” (in the layout) in one sub-cycle and configuration “B” in
another sub-cycle. Rather than swapping out “C” with just any LUT with a configuration “B”,
the process tries to find a LUT with configuration “B” in one sub-cycle that is adjacent to a

configuration “C” in another sub-cycle. Swapping “B” for “C” thus makes a match for the first
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LUT (i.e., “B” and “B”) and also makes a match for the second LUT (i.c., “C” and “C”). The

process 2100 of some embodiments favors swaps that make one match and one close match
(e.g., 6 bits out of 8 bits match). The process 2100 of some embodiments has multiple options for
swapping a configuration “B”, the process swaps with the configuration “B” in the row that is
already the closest to completely matching. That is, the most favored swap in such embodiments
is one in which the swap makes both swapped rows empty (i.c., all “don’t care” or matching).
[00233] While the embodiments described above focused on gating that is controlled by
the layout configuration, some embodiments allow a user design to determine whether to gate a
select driver during a particular sub-cycle. The ICs of such embodiments support these additional
operations. For example, a process 2100 of some embodiments that reduces the number of
reconfigurations (empties rows) also determines whether the outputs of a particular row of
circuits will be irrelevant (i.c., “don’t care”) in some instances of a given sub-cycle but not in
other instances of that sub-cycle (e.g., some instances of sub-cycle 3, but not all instances of sub-
cycle 3). In other words, the process determines whether a sub-cycle sometimes requires a
particular configuration, but sometimes does not require any particular configuration. Such a
process cedes control over the gating of the select driver (in those specific sub-cycles) to the
user. The logic table 1980 of Figure 19A illustrates this in its fifth and seventh rows. When the
user design signal is 0 (i.e., in the fifth row) and the SC gate is 1, the select driver is not gated.
When the user design signal is 1 (i.e., in the seventh row) and the SC gate is 1, the select driver is
gated. The process of such embodiments defines an SC gate value for a sub-cycle (e.g., sub-cycle
3) to block the clock signal and define the static SC gate to not block the clock signal. Given the
gating circuitry of Figure 19A to the User SC gate, such a set of values would allow a user
signal on the User SC gate to determine whether to block the clock signal. When the layout
generated by such a process is implemented, the clock to the select driver in sub-cycles defined
to be blocked by the SC gate would be blocked when the user design sets the User SC gate to
block the clock signal, and not blocked when the user design sets the User SC gate to not block
the clock signal.

[00234] The process 2100 of some embodiments makes rows into “don’t cares” rather
than attempting to match the same configurations. For example, individual select drivers of some
embodiments drive both reconfigurable routing circuits (e.g., RMUXSs) and reconfigurable logic
circuits (e.g., LUTs). In such embodiments, using the same configuration for a LUT in two
consecutive sub-cycles would not necessarily mean that an RMUX driven by the same select
driver would use the same configuration in both sub-cycles. Accordingly, implementing the

same configuration for a LUT in two consecutive sub-cycles could require that a corresponding
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RMUX reconfigure in the later sub-cycle. That is, the LUT could have the same configuration in

adjacent sub-cycles, but the connections of the LUT to other circuits would change from one
sub-cycle to the next. However, in some such embodiments, using a “don’t care” configuration
for the LUT would eliminate the need to reconfigure the RMUX. In which case, “don’t care”
configurations would allow a select driver to be gated, while matching configurations would not
necessarily allow the select driver to be gated.

[00235] Accordingly, while many of the above described embodiments include processes
that match configurations that are the same as well as configurations that are “don’t care”, one of
ordinary skill in the art will understand that some embodiments do not prefer matching
configurations. For example, the process 2100 of some embodiments moves configurations from
almost unused rows to more fully used rows in order to create more “don’t cares”, but does not
swap configurations with configurations from other configurable circuits to create more
matching configurations.

[00236] Figure 26 conceptually illustrates emptying rows of configurable circuits. The
figure conceptually shows a tile layout 2610 at various stages of a post-placement and routing
process. The figure includes a tile during various stages 2611-2616 of the post-placement and
routing process, LUT rows 2620 and 2630, and RMUX rows 2640 and 2650. The tile layout
2610 conceptually represents the locations of various configurations on a tile of an IC whose
layout is being edited by a post-placement and routing process. In stage 2611, the tile layout
2610 has been placed and routed. In stage 2612, the process identifies an almost empty LUT row
2620. In stage 2613, the process identifies an almost full LUT row 2630 and begins moving the
configuration from LUT row 2620 to LUT row 2630. The movement of the configuration is
represented by the lighter shading of the LUT in row 2620 and the lightly shaded LUT appearing
in the previously blank space in row 2630. In stage 2614, the process identifies an almost empty
RMUX row 2640. In stage 2615, the process moves the RMUX from the almost empty RMUX
row to an almost full RMUX row 2650.

[00237] Figure 26 conceptually illustrates the movement of configurations within the
same sub-cycle and between different rows of the same tile. However, the processes of some
embodiments also move configurations between rows on different tiles and between different
sub-cycles.

[00238] Figure 27 conceptually illustrates post-processing moving of configurations to
different tiles and sub-cycles. The figure shows the effects of moving configurations from rows
that are almost empty to rows that are almost full. Moving a configuration out of a row replaces a

defined configuration in the row with a “don’t care” configuration. Moving a configuration into a
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row replaces a “don’t care” configuration with a defined configuration. The figure shows the
layout of two particular rows of reconfigurable circuits of an IC during two different stages of a
post-placement and routing process. The two stages of the layout are layout stage 2710, with
LUT row layouts 2712 and 2714, and layout stage 2720, with LUT row layouts 2722 and 2724.
[00239] The process whose results are illustrated in Figure 27 empties configurations
from multiple sub-cycles of the rows of LUTs. Layout stage 2710 shows which LUTs are
configured in the layouts 2712 and 2714 of two LUT rows before the configurations are emptied.
Layout stage 2720 shows which LUTs are configured in the layouts 2722 and 2724 of the same
two LUT rows after the configurations are emptied. LUT row layouts 2712, 2714, 2722, and
2724 show which LUTs in their respective rows have defined configurations and which LUTs do
not have defined configurations. LUT row layouts 2712 and 2722 represent the same LUT rows
(as ecach other) in different stages of the post-placement process. LUT row layouts 2714 and
2724 also represent the same LUT rows (as each other) in different stages of the post-placement
process. The rows each contain six LUTs and have a loopered number of eight (i.e., eight sub-
cycles of configurations for each of the six LUTSs in the row). The defined configurations in LUT
row layouts 2712, 2714, 2722, and 2724 are represented as grey squares. The “don’t care”
configurations are represented as white squares.
[00240] In Figure 27, many defined configurations are moved from mostly empty rows to
mostly full rows. In order to conceptually illustrate that specific configurations are moved to
specific empty places in other rows, the starting and ending locations of each moved
configuration are identified with letters. The letters marking the original location of the
configurations to be moved are lower case letter. The letters marking the end location of the
configurations after they are moved are upper case letters. The movement of configurations from
the starting locations (lowercase letters) to the corresponding end locations results in multiple
empty sub-cycles which can be gated to save energy.
[00241] The various original and final locations for the moved LUT configurations
illustrate the versatility of the post-placement process of some embodiments. In the example
shown in Figure 27, LUT configuration “a” is moved to a different LUT row. In some
embodiments, the process could place the configuration on other row that could be a different
row on the same tile, a different row in the same group of 4 tiles, or a different row on a separate
tile. As further examples in this figure, LUT configuration “g” is moved to a different sub-cycle
on the same LUT row (sub-cycle 4 to sub-cycle 1). LUT configuration “k” is moved to a
different sub-cycle on a different LUT row (sub-cycle 3 of LUT row layout 2714 to sub-cycle 7
of LUT row layout 2722).
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[00242] LUT row layout 2712 has one entirely empty row. LUT row layout 2714 has no

entirely empty rows. In an embodiment in which the IC can only gate empty rows, LUT row
layout 2712 (when implemented on a reconfigurable IC with gating circuitry) can be gated once
and LUT row layout 2714 can’t be gated at all. After the post-placement and routing process,
LUT row layout 2722 has two empty rows and can be gated twice; LUT row layout 2724 has six
empty rows and can be gated six times.

[00243] In Figure 27, LUT row layout 2712 and LUT row layout 2714 can conceptually
represent layouts for reconfigurable circuits on the same tile, on a different tile within the same
4-tile set, or on a different 4-tile set. The illustrated example shows reconfigurable LUTs, but
other types of configurable circuits can have their configurations set in the same way. In the ICs
of some embodiments, each select line drives only one type of configurable circuit. In the IC of
other embodiments, individual select lines drive multiple types of configurable circuits (e.g., the
same row has LUTs and RMUXs).

[00244] Figure 28 illustrates a process 2800 that implements multiple features of the
embodiments described herein. The figure shows the process 2800 from initial placement and
routing to operation of the IC. The processes of some embodiments include all the described
operations shown in the figure. However, other embodiments do not include all the described
operations of process 2800. The process 2800 begins when a user runs (at 2810) a placement and
routing process for generating a layout by defining configurations of circuits of an FPGA. The
placement and routing process of some embodiments automatically penalizes placements that
call for reconfigurations and incentivizes placements that do not call for reconfigurations. The
placement and routing processes of some embodiments account for individual bit-toggling. The
placement and routing processes of some other embodiments account for reconfigurations of any
circuit in a row. Finally, the placement and routing processes of some embodiments account for
both bit toggling and reconfigurations of any circuit in a row. Some embodiments use a
placement and routing process as shown in Figures 15-16.

[00245] The process 2800 continues when either the placement and routing processes or
the user runs (at 2820) a post-placement and routing program. The post-placement and routing
program tries to decrease the number of reconfigurations needed (for bits and/or circuit rows).
The post-placement and routing program of some embodiments moves logical don’t care
configurations around to decrease the number of reconfigurations. The post-placement and
routing program of some embodiments moves specific configurations among rows to match
configurations in preceding or subsequent sub-cycles of the rows. The post-placement and

routing program of still other embodiments moves both don’t care configurations and specific
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configurations.

[00246] The process 2800 then defines (at 2830) the SC gate bits that identify which sub-
cycles should be gated for each row (e.g., the bits used to configure SC gate 1940 in Figures
19A, 19B, and 20). The placement and routing process of some embodiments defines the SC
gate bits. A post-placement and routing process of some embodiments defines the SC gate bits.
In other embodiments, a process other than the placement and routing processes or post-
placement and routing program define the SC gate bits.

[00247] The process 2800 then implements (at 2840) the layout on an IC. The layout of
some embodiments includes the SC gate bits to identify which rows are gated in which cycle.
The layouts are implemented by the IC architectures described above in some embodiments. For
example, the ICs of some embodiments implement a layout using the reconfigurable IC
architectures described in section III, above.

[00248] The IC then commences (at 2850) operation according to its layout. That is, the
configuration bits generated for the layout by process 2800 are stored on the IC as configuration
values in configuration cells of the IC. The IC gates the rows according to the defined SC gate
bits and/or as commanded by user design signals. Sets of circuits such as those illustrated in
Figure 19A and 19B gate the reconfigurations of the rows in some embodiments. The process
2800 then ends.

VII. CONFIGURABLE IC AND SYSTEM

[00249] Some embodiments described above are implemented in configurable ICs that can
compute configurable combinational digital logic functions on signals that are presented on the
inputs of the configurable ICs. In some embodiments, such computations are state-less
computations (i.e., do not depend on a previous state of a value). Some embodiments described
above are implemented in configurable ICs that can perform a continuous function. In these
embodiments, the configurable IC can receive a continuous function at its input, and in response,
provide a continuous output at one of its outputs.

[00250] Figure 29 illustrates a portion of a configurable IC 2900 of some embodiments of
the invention. As shown in this figure, this IC has a configurable circuit arrangement 2905 and
I/O circuitry 2910. The configurable circuit arrangement 2905 can include any of the above
described circuits, storage elements, and routing fabric of some embodiments of the invention.
The I/O circuitry 2910 is responsible for routing data between the configurable nodes 2915 of the
configurable circuit arrangement 2905 and circuits outside of this arrangement (i.e., circuits
outside of the IC, or within the IC but outside of the configurable circuit arrangement 2905). As

further described below, such data includes data that needs to be processed or passed along by
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the configurable nodes.

[00251] The data also includes, in some embodiments, a set of configuration data that
configures the nodes to perform particular operations. Figure 30 illustrates a more detailed
example of this. Specifically, this figure illustrates a configuration data pool 3005 for the
configurable IC 3000. This pool includes N configuration data sets (“CDS”). As shown in
Figure 30, the input/output circuitry 3010 of the configurable IC 3000 routes different
configuration data sets to different configurable nodes of the IC 3000. For instance, Figure 30
illustrates configurable node 3045 receiving configuration data sets 1, 3, and J through the I/O
circuitry, while configurable node 3050 receives configuration data sets 3, K, and N-1 through
the I/O circuitry. In some embodiments, the configuration data sets are stored within each
configurable node. Also, in some embodiments, a configurable node can store multiple
configuration data sets for a configurable circuit within it so that this circuit can reconfigure
quickly by changing to another configuration data set for a configurable circuit. In some
embodiments, some configurable nodes store only one configuration data set, while other
configurable nodes store multiple such data sets for a configurable circuit.

[00252] A configurable IC of the invention can also include circuits other than a
configurable circuit arrangement and 1/O circuitry. For instance, Figure 31 illustrates a system
on chip (“SoC”) implementation of a configurable IC 3100. This IC has a configurable block
3150, which includes a configurable circuit arrangement 3105 and /O circuitry 3110 for this
arrangement. It also includes a processor 3115 outside of the configurable circuit arrangement, a
memory 3120, and a bus 3125, which conceptually represents all conductive paths between the
processor 3115, memory 3120, and the configurable block 3150. As shown in Figure 31, the IC
3100 couples to a bus 3130, which communicatively couples the IC to other circuits, such as an
off-chip memory 3135. Bus 3130 conceptually represents all conductive paths between the
system components.

[00253] This processor 3115 can read and write instructions and/or data from an on-chip
memory 3120 or an off-chip memory 3135. The processor 3115 can also communicate with the
configurable block 3150 through memory 3120 and/or 3135 through buses 3125 and/or 3130.
Similarly, the configurable block can retrieve data from and supply data to memories 3120 and
3135 through buses 3125 and 3130.

[00254] Instead of, or in conjunction with, the system on chip (“SoC”’) implementation for
a configurable IC, some embodiments might employ a system in package (“SiP”)
implementation for a configurable IC. Figure 32 illustrates one such SiP 3200. As shown in this

figure, SiP 3200 includes four ICs 3220, 3225, 3230, and 3235 that are stacked on top of each
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other on a substrate 3205. At least one of these ICs is a configurable IC that includes a
configurable block, such as the configurable block 3150 of Figure 31. Other ICs might be other
circuits, such as processors, memory, etc.

[00255] As shown in Figure 32, the IC communicatively connects to the substrate 3205
(e.g., through wire bondings 3260). These wire bondings allow the ICs 3220-3235 to
communicate with each other without having to go outside of the SiP 3200. In some
embodiments, the ICs 3220-3235 might be directly wire-bonded to each other in order to
facilitate communication between these ICs. Instead of, or in conjunction with the wire
bondings, some embodiments might use other mechanisms to communicatively couple the I1Cs
3220-3235 to cach other.

[00256] As further shown in Figure 32, the SiP includes a ball grid array (“BGA”) 3210
and a set of vias 3215. The BGA 3210 is a set of solder balls that allows the SiP 3200 to be
attached to a printed circuit board (“PCB”). Each via connects a solder ball in the BGA 3210 on
the bottom of the substrate 3205, to a conductor on the top of the substrate 3205.

[00257] The conductors on the top of the substrate 3205 are electrically coupled to the ICs
3220-3235 through the wire bondings. Accordingly, the ICs 3220-3235 can send and receive
signals to and from circuits outside of the SiP 3200 through the wire bondings, the conductors on
the top of the substrate 3205, the set of vias 3215, and the BGA 3210. Instead of a BGA, other
embodiments might employ other structures (e.g., a pin grid array) to connect a SiP to circuits
outside of the SiP. As shown in Figure 32, a housing 3280 encapsulates the substrate 3205, the
BGA 3210, the set of vias 3215, the ICs 3220-3235, the wire bondings to form the SiP 3200.
This and other SiP structures are further described in United States Patent Application
11/081,820 entitled “Programmable System In Package”, which is incorporated herein by
reference.

[00258] Figure 33 conceptually illustrates a more detailed example of a computing system
3300 that has an IC 3305, which includes a configurable circuit arrangement with configurable
circuits, storage elements, and routing fabric of some embodiments of the invention that were
described above. The system 3300 can be a stand-alone computing or communication device, or
it can be part of another electronic device. As shown in Figure 33, the system 3300 not only
includes the IC 3305, but also includes a bus 3310, a system memory 3315, a read-only memory
3320, a storage device 3325, input device(s) 3330, output device(s) 3335, and communication
interface 3340.

[00259] The bus 3310 collectively represents all system, peripheral, and chipset

interconnects (including bus and non-bus interconnect structures) that communicatively connect
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the numerous internal devices of the system 3300. For instance, the bus 3310 communicatively
connects the IC 3310 with the read-only memory 3320, the system memory 3315, and the
permanent storage device 3325. The bus 3310 may be any of several types of bus structure
including a memory bus or memory controller, a peripheral bus, and a local bus using any of a
variety of conventional bus architectures. For instance, the bus 3310 architecture may include
any of the following standard architectures: PCI, PCI-Express, VESA, AGP, Microchannel, ISA
and EISA, to name a few.

[00260] From these various memory units, the IC 3305 receives data for processing and
configuration data for configuring the ICs configurable logic and/or interconnect circuits. When
the IC 3305 has a processor, the IC also retrieves from the various memory units instructions to
execute. The read-only-memory (ROM) 3320 stores static data and instructions that are needed
by the IC 3305 and other modules of the system 3300.

[00261] Some embodiments of the invention use a mass-storage device (such as a
magnetic disk to read from or write to a removable disk or an optical disk for reading a CD-
ROM disk or to read from or write to other optical media) as the permanent storage device 3325.
Other embodiments use a removable storage device (such as a flash memory card or memory
stick) as the permanent storage device. The drives and their associated computer-readable media
provide non-volatile storage of data, data structures, computer-executable instructions, etc. for
the system 3300. Although the description of computer-readable media above refers to a hard
disk, a removable magnetic disk, and a CD, it should be appreciated by those skilled in the art
that other types of media which are readable by a computer, such as magnetic cassettes, digital
video disks, and the like, may also be used in the exemplary operating environment.

[00262] Like the storage device 3325, the system memory 3315 is a read-and-write
memory device. However, unlike storage device 3325, the system memory is a volatile read-and-
write memory, such as a random access memory. Typically, system memory 3315 may be found
in the form of random access memory (RAM) modules such as SDRAM, DDR, RDRAM, and
DDR-2. The system memory stores some of the set of instructions and data that the processor
needs at runtime.

[00263] The bus 3310 also connects to the input and output devices 3330 and 3335. The
input devices enable the user to enter information into the system 3300. The input devices 3330
can include touch-sensitive screens, keys, buttons, keyboards, cursor-controllers, touch screen,
joystick, scanner, microphone, etc. The output devices 3335 display the output of the system
3300. The output devices include printers and display devices, such as cathode ray tubes (CRT),
liquid crystal displays (LCD), organic light emitting diodes (OLED), plasma, projection, etc.
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[00264] Finally, as shown in Figure 33, bus 3310 also couples system 3300 to other

devices through a communication interface 3340. Examples of the communication interface
include network adapters that connect to a network of computers, or wired or wireless
transceivers for communicating with other devices. Through the communication interface 3340,
the system 3300 can be a part of a network of computers (such as a local area network (“LAN”),
a wide area network (“WAN”), or an Intranet) or a network of networks (such as the Internet).
The communication interface 3340 may provide such connection using wireless techniques,
including digital cellular telephone connection, Cellular Digital Packet Data (CDPD) connection,
digital satellite data connection or the like.

[00265] While the invention has been described with reference to numerous specific
details, one of ordinary skill in the art will recognize that the invention can be embodied in other
specific forms without departing from the spirit of the invention. For example, many of the
storage circuits can be used in ICs other than the ones described above, including ICs that do not
include configurable circuits (e.g., pure ASICs, processors, etc.). Thus, one of ordinary skill in
the art would understand that the invention is not to be limited by the foregoing illustrative

details, but rather is to be defined by the appended claims.
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CLAIMS
What is claimed is:
1. An integrated circuit (“IC”’) comprising:
a) a group of reconfigurable circuits, each of said reconfigurable circuits for

configurably performing a plurality of different operations in different reconfiguration cycles
based on stored configuration data;

b) a select driver for selecting different sets of stored configuration data in different
reconfiguration cycles for said group of reconfigurable circuits, wherein said select driver
comprises a clock input for receiving clock signals, wherein said select driver changes the
selected set of stored configuration data each time said select driver receives a clock signal; and

c) a gating circuit for selectively blocking said clock signals from reaching said
clock input in a configured set of reconfiguration cycles.

2. The IC of claim 1 further comprising a plurality of multiplexers (MUXs) for
selectively providing said different sets of configuration data to said reconfigurable circuits.

3. The IC of claim 2, wherein at least one of said plurality of MUXs comprises a set
of inputs that determine which of a plurality of stored configuration data values will be provided
to said reconfigurable circuit.

4. The IC of claim 3, wherein said inputs are communicatively connected to said

select driver.

5. The IC of claim 2, wherein said multiplexers are one-hot select multiplexers.

6. The IC of claim 1 further comprising;:

a) a plurality of groups of reconfigurable circuits; and

b) a plurality of select drivers, each of said select drivers for selecting different sets

of stored configuration data in different reconfiguration cycles for a group of reconfigurable
circuits associated with that select driver, wherein said select driver comprises a clock input for

receiving clock signals, wherein said select driver changes the selected set of stored
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configuration data each time said select driver receives a clock signal; and

c) a plurality of gating circuits, ecach of said gating circuits for selectively blocking
said clock signals, in a configured set of reconfiguration cycles, from reaching a select driver
associated with that gating circuit.

7. The IC of claim 1, wherein said gating circuit comprises a set of configuration
storage clements for storing configuration values that determine whether to block said clock
signal, wherein each of said configuration values determines whether to block said clock signal
in a particular reconfiguration cycle.

8. The IC of claim 1, wherein said select driver cyclically selects each of a sequence
of sets of stored configuration data upon receiving a plurality of clock signals, wherein selecting
a different set of stored configuration data comprises switching from one stored configuration
data set in said sequence to a next stored configuration data set in said sequence.

9. The IC of claim 8, wherein said gating circuit comprises a set of logic circuits for
imposing additional conditions on said blocking.

10.  The IC of claim 9, wherein said additional conditions comprise a configuration
value that determines whether to prevent said blocking in all reconfiguration cycles.

11. The IC of claim 1, wherein blocking said clock signal comprises preventing said
clock signal from reaching said select driver, wherein said preventing said clock signal from
reaching said select driver prevents said select driver from selecting a different set of stored
configuration data.

12. A method of reducing reconfigurations of circuits during operation of an
integrated circuit (“IC”) with a plurality of reconfigurable circuits and a plurality of gating
circuits for selectively preventing reconfigurations of particular groups of reconfigurable circuits,
said method comprising;:

receiving a configuration value for a gating circuit, wherein said configuration

value sets the gating circuit to block a reconfiguration of a particular group of reconfigurable
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circuits; and
blocking said reconfiguration of said particular group of reconfigurable circuits
based on said configuration value.

13.  The method of claim 12, wherein said blocking comprises preventing a clock
signal from reaching a select driver, wherein said select driver is for reconfiguring a group of
reconfigurable circuits when said select driver receives said clock signal.

14. The method of claim 12, wherein said reconfigurable circuits reconfigure a
plurality of times during a plurality of reconfiguration cycles, the method further comprising:

receiving a set of configuration values, wherein each configuration value of said set of
configuration values sets the gating circuit to block a reconfiguration of said particular group of
reconfigurable circuits in a particular reconfiguration cycle; and

blocking a reconfiguration of said particular group of reconfigurable circuits in the
particular reconfiguration cycle.

15.  The method of claim 12, wherein said configuration value is a first configuration
value and said reconfiguration is a first reconfiguration, said method further comprising:

receiving a second configuration value for said gating circuit, wherein said second
configuration value sets the gating circuit to allow a second reconfiguration of the particular
group of reconfigurable circuits; and

performing said second reconfiguration of said particular group of reconfigurable
circuits.

16.  The method of claim 12, wherein said configuration value is a first configuration
value, said method further comprising:

receiving a second configuration value for said gating circuit, wherein said
blocking is based on said first configuration value and said second configuration value.

17.  The method of claim 12, wherein said configuration value is a first configuration

value, said method further comprising;:
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receiving a second configuration value for said gating circuit and a user signal for
said gating circuit, wherein said blocking is based on said first configuration value and at least
one of said user signal and said second configuration value.

18.  Anintegrated circuit (“I1C”) comprising:

a) a plurality of reconfigurable circuits, each for configurably performing a plurality
of different operations in different reconfiguration cycles;

b) a plurality of select drivers, each select driver for reconfiguring a group of said
reconfigurable circuits; and

c) a plurality of gating circuits, ecach gating circuit associated with at least one of
said select drivers, said gating circuit for selectively blocking said associated select driver from
reconfiguring said group of said reconfigurable circuits.

19.  The integrated circuit of claim 18, wherein each of said select drivers comprises a
set of select lines that determine which of a plurality of stored configurations are active in each
of a plurality of reconfiguration cycles, wherein when said gating circuit blocks said associated
select driver from reconfiguring said group, said select driver maintains a particular select line as
an active select line for at least two consecutive reconfiguration cycles.

20.  The integrated circuit of claim 19, wherein an active select line connects a
plurality of configuration storage elements to a plurality of reconfigurable circuits.

21. A method of defining a layout of an integrated circuit (“IC”) with a plurality of
reconfigurable circuits and a plurality of gating circuits for selectively preventing
reconfigurations of particular groups of reconfigurable circuits, said method comprising:

while generating a layout for said IC, defining configurations for a group of
reconfigurable circuits in said layout in a plurality of reconfiguration cycles, wherein said
configurations do not change from a first reconfiguration cycle to a second reconfiguration cycle;
and

defining a configuration for a gating circuit associated with said group of
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reconfigurable circuits, wherein applying said configuration to said gating circuit during an
operation of the IC prevents said group of reconfigurable circuits from reconfiguring from said
first reconfiguration cycle to said second reconfiguration cycle.

22.  The method of claim 21, wherein said configuration for the gating circuit
comprises a set of configuration values, wherein each configuration value in said set of
configuration values determines whether the gating circuit will prevent said group of
reconfigurable circuits from reconfiguring in a particular reconfiguration cycle.

23.  The method of claim 21, wherein said second reconfiguration cycle immediately
follows said first reconfiguration cycle.

24.  The method of claim 21, wherein at least a third reconfiguration cycle is between
said first reconfiguration cycle and said second reconfiguration cycle.

25.  The method of claim 21, wherein said plurality of gating circuits prevent
reconfigurations of particular groups of reconfigurable circuits by blocking a clock signal from
reaching a plurality of select drivers, wherein each select driver is for reconfiguring a particular
group of reconfigurable circuits when said select driver receives said clock signal.

26. A computerized method of generating a layout for implementing a user design on
an integrated circuit (IC) that comprises reconfigurable circuits, said method comprising:

defining a first configuration, in said layout, for a reconfigurable circuit in a first
reconfiguration cycle, wherein said first configuration comprises a first set of configuration
values;

decreasing a cost for defining a second configuration for said reconfigurable circuit in a
second reconfiguration cycle, wherein said second configuration comprises a second set of
configuration values, wherein said second set of configuration values comprises the same values
as said first set of configuration values;

placing said second configuration for said reconfigurable circuit in said second

reconfiguration cycle; and
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defining a gating configuration value for blocking a reconfiguration of said
reconfigurable circuit from said first reconfiguration cycle to said second reconfiguration cycle.

27. The method of claim 26 further comprising;:

increasing a cost for defining a third configuration for said configurable circuit in the
second reconfiguration cycle, wherein said third configuration comprises a third set of
configuration values, wherein said third set of configuration values comprises a different set of
values from said first set of configuration values; and

rejecting a placement of said third configuration for said reconfigurable circuit in said
second reconfiguration cycle.

28. The method of claim 26 further comprising identifying a group of reconfigurable
circuits in said layout that do not change configurations from said first reconfiguration cycle to
said second reconfiguration cycle; and

defining a set of gating configuration values in said layout to block a reconfiguration of
the group of circuits in the particular reconfiguration cycle.

29.  The method of claim 28, wherein said group of circuits comprises said
reconfigurable circuit.

30.  The method of claim 28, wherein said group of reconfigurable circuits comprises
at least one reconfigurable circuit that has a “don’t care” configuration in a particular
reconfiguration cycle, the method further comprising defining a configuration for said
reconfigurable circuit in said particular reconfiguration cycle, wherein said configuration for said
reconfigurable circuit does not implement an operation of said user design.

31. A method of generating a layout for implementing a user design on an IC that
comprises a plurality of select drivers that each selects a configuration in each of a plurality of
reconfiguration cycles for each of at least two reconfigurable circuits, the method comprising;:

selecting configurations for at least two reconfiguration cycles for a first reconfigurable

circuit and a second reconfigurable circuit that are driven by a common select driver, wherein
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said configurations are selected to avoid a change of configuration between said two
reconfiguration cycles; and

based on said configuration, defining a configuration value for blocking said select driver
from reconfiguring said first and second reconfigurable circuits between said two reconfiguration
cycles.

32. The method of claim 31, wherein the select driver is a first select driver, the
method further comprising identifying a third reconfigurable circuit and a fourth reconfigurable
circuit that are driven by a common second select driver, wherein said third reconfigurable
circuit has a first configuration in both a first reconfiguration cycle and a second reconfiguration
cycle, wherein said fourth reconfigurable circuit has a second configuration in the first
reconfiguration cycle and a third configuration in the second reconfiguration cycle, the method
further comprising;:

selecting a new configuration for the fourth reconfigurable circuit in one of said first and
second reconfiguration cycles, wherein said selected new configuration is selected to be the same
as the configuration of the fourth reconfigurable circuit in the other of said first and second
reconfiguration cycles; and

defining a configuration value for blocking said second select driver from reconfiguring
said third and fourth reconfigurable circuits between said two reconfiguration cycles.

33.  The method of claim 32, wherein at least one of said selected configurations is a
“don’t care” configuration.

34, The method of claim 31, wherein the select driver is a first select driver, the
method further comprising identifying a third reconfigurable circuit and a fourth reconfigurable
circuit that are driven by a common second select driver, wherein said third reconfigurable
circuit has a first configuration in a first reconfiguration cycle and a “don’t care” configuration in
a second reconfiguration cycle, wherein said fourth reconfigurable circuit has a second

configuration in the first reconfiguration cycle and a third configuration in the second
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reconfiguration cycle the method further comprising:

changing the configuration of the fourth reconfigurable circuit in one of said first and
second reconfiguration cycles to be the same as the configuration of the fourth reconfigurable
circuit in the other of said first and second reconfiguration cycles; and

defining a configuration value for blocking said second select driver from reconfiguring
said third and fourth reconfigurable circuits between said two reconfiguration cycles.

35.  The method of claim 34 further comprising defining a fourth configuration for
said reconfigurable circuit in said second reconfiguration cycle, wherein said fourth
configuration is not for implementing said user design and has a same set of configuration values
as said first configuration.

36. A method of defining a user design on an IC that comprises a plurality of select
drivers that each selects a configuration in each of a plurality of reconfiguration cycles for each
of at least two reconfigurable circuits, the method comprising:

selecting a particular set of reconfigurable circuits that are driven by a particular select
drivers; and

replacing a first configuration for a reconfigurable circuit in a first reconfiguration cycle
that does not match a second configuration for the reconfigurable circuit in a second
reconfiguration cycle with a third configuration for the reconfigurable circuit in the first
reconfiguration cycle that does match the second configuration of the reconfigurable circuit in
the second reconfiguration cycle.

37. The method of claim 36, wherein a the third configuration matches the second
configuration when the third configuration is a “don’t care” configuration or the third
configuration has the same configuration values as the second configuration.

38. A method of generating a layout for an integrated circuit (IC) that comprises
reconfigurable circuits, said method comprising:

defining a first configuration in said layout for a first reconfigurable circuit in a first
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reconfiguration cycle, wherein said first configuration comprises a first set of configuration
values;

increasing a cost for defining a second configuration for said first reconfigurable circuit
in a second reconfiguration cycle, wherein said second configuration comprises a second set of
configuration values, wherein said second set of configuration values comprises different values
from said first set of configuration values;

based at least partly on said increased cost, defining said second configuration for a
second reconfigurable circuit in said layout rather than said first configurable circuit in said
layout; and

based on the first and second configurations, defining a gating configuration value that
determines whether to block a reconfiguration of said first reconfigurable circuit between said
first reconfiguration cycle and said second reconfiguration cycle when the IC is implementing
said layout.

39.  The method of claim 38 further comprising;:

decreasing a cost for defining a third configuration for said first configurable circuit in a
second reconfiguration cycle, wherein said third configuration comprises said first set of
configuration values; and

based at least partly on said decreased cost, defining said third configuration for said first
configurable circuit in said second reconfiguration cycle in said layout rather than a third
configurable circuit in said layout.

40.  The method of claim 38, wherein said reconfigurable circuits are arranged in
groups, wherein each reconfigurable circuit in a particular group is reconfigured by a select
driver for that group, wherein said first configurable circuit is in a particular group with a third
configurable circuit, said method further comprising:

further increasing said cost for defining said second configuration for said first

configurable circuit in said second reconfiguration cycle when said third configurable circuit
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does not

wherein said second configuration comprises a second set of configuration values, wherein said
second set of configuration values comprises different values from said first set of configuration
values; and

based at least partly on said increased cost, defining said second configuration for a
second configurable circuit in said layout rather than said first configurable circuit in said layout.

41. A method of conserving power in an IC with reconfigurable circuits that
implement a user design using configurations provided in a layout for the reconfigurable circuits
of the IC, the method comprising:

receiving a plurality of sets of configuration values to define as configurations for said
reconfigurable circuits in a plurality of reconfiguration cycles;

generating said layout by preferentially defining similar sets of configuration values for a
particular reconfigurable circuit in adjacent reconfigurable cycles; and

implementing said layout on said reconfigurable circuits of said IC.

42.  The method of claim 41, wherein said layout is a first layout for the user design
and wherein generating said first layout for the user design further comprises modifying a second
layout for the user design by swapping configurations among the reconfigurable circuits and
reconfiguration cycles of the layout.

43.  The method of claim 42, wherein said swapping comprises defining a first
reconfigurable circuit in a first reconfiguration cycle with a configuration previously defined for
a second reconfigurable circuit in a second reconfiguration cycle and defining the second
reconfigurable circuit in the second reconfiguration cycle with a configuration previously
defined for the first reconfigurable circuit in the first reconfiguration cycle.

44.  The method of claim 43, wherein the first reconfiguration cycle is a same
reconfiguration cycle as the second reconfiguration cycle.

45.  The method of claim 41, wherein a first set of configuration values is similar to a
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second set of configuration values when most values of the first set of configuration values are
the same as corresponding values of the second set of configuration values.

46.  The method of claim 41, wherein preferentially defining similar sets of
configuration values for the particular reconfigurable circuit in adjacent reconfigurable cycles
comprises defining a first set of configuration values for the particular reconfigurable circuit in a
first reconfiguration cycle and increasing the cost to define a second set of configuration for a
reconfigurable circuit in a particular reconfiguration based on the number of configuration values
in the second set of configuration values that are different from corresponding values in the first
set of configuration values.

47. A computer readable medium that stores a program which when executed by at
least one processor generates a layout for implementing a user design on an integrated circuit
(IC) that comprises a plurality of reconfigurable circuits, the program comprises sets of
instructions for:

defining a first configuration comprising a first set of configuration values for a
reconfigurable circuit in a first reconfiguration cycle;

defining a first cost for defining a second configuration with a second set of configuration
values for the reconfigurable circuit in a second reconfiguration cycle, wherein the second set of
configuration values is different from the first set of configuration values;

defining a second cost for defining a third configuration with a third set of configuration
values for the reconfigurable circuit in the second reconfiguration cycle, wherein the third set of
values is different from the first set of values and the second set of values;

selecting a configuration to define for the reconfigurable circuit in the second
reconfiguration cycle based at least partly on said defined costs; and

defining said reconfigurable circuit in the second reconfiguration cycle using said
selected configuration.

48.  The computer readable medium of claim 47, wherein the first amount depends on
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how different the second set of configuration values is from the first set of configuration values
and the second amount depends on how different the third set of configuration values is from the
first set of configuration values.

49. The computer readable medium of claim 48, wherein a first number of values of
the second set of configuration values is different from the corresponding values of the first set
of configuration values, wherein a second number of values of the third set of configuration
values is different from the corresponding values of the first set of configuration values, wherein
the set of instructions for increasing the cost by the second amount comprises a set of
instructions for making the second amount larger than the first amount when the second number
is larger than the first number.

50.  The computer readable medium of claim 47, wherein the program further
comprises sets of instructions for:

increasing a set of costs by a set of amounts, each cost of said set of costs associated with
defining a particular configuration with a particular set of configuration values for the
reconfigurable circuit in the second reconfiguration cycle, wherein the particular set of values is
different from the first set of values, wherein the increase in the cost of defining the particular
configuration with the particular set of configuration values for the reconfigurable circuit in the
second reconfiguration cycle is at least partly dependent on how different the particular set of
values is from the first set of values; and

selecting the configuration to define for the reconfigurable circuit in the second
reconfiguration cycle based at least partly on said set of increased costs.

51.  The computer readable medium of claim 47, wherein said second reconfiguration
cycle is between the first reconfiguration cycle and a third reconfiguration cycle, wherein the
program further comprises sets of instructions for:

increasing a set of costs by a set of amounts, each cost of said set of costs corresponding

to defining a particular configuration with a particular set of configuration values for the
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reconfigurable circuit in the third reconfiguration cycle, wherein the particular set of values is
different from a fourth set of values of the selected configuration for the reconfigurable circuit in
the second reconfiguration cycle, wherein the increase in the cost of defining the particular
configuration with the particular set of configuration values for the reconfigurable circuit in the
third reconfiguration cycle is at least partly dependent on how different the particular set of
values is from the fourth sct of values; and

selecting the configuration to define for the reconfigurable circuit in the second
reconfiguration cycle based at least partly on said set of increased costs.

52.  The computer readable medium of claim 47, wherein the program further
comprises sets of instructions for:

defining a first set of configurations comprising a plurality of first sets of configuration
values for each of a plurality of reconfigurable circuits in a first reconfiguration cycle;

for each of said plurality of reconfigurable circuits: (i) increasing a cost, by a first
amount, for defining a second configuration with a second set of configuration values for the
reconfigurable circuit in a second reconfiguration cycle, wherein the second set of configuration
values is different from the first set of configuration values for that reconfigurable circuit and (i1)
increasing a cost by a second amount for defining a third configuration with a third set of
configuration values for the reconfigurable circuit in the second reconfiguration cycle, wherein
the third set of values is different from the first set of values and the second set of values;

selecting a second set of configurations to define for the reconfigurable circuits in the
second reconfiguration cycle based at least partly on said increased costs; and

defining said set of reconfigurable circuits in the second reconfiguration cycle with said
selected set of configurations.

53.  The computer readable medium of claim 47, wherein the reconfigurable circuit is
a reconfigurable look-up table (LUT).

54.  The computer readable medium of claim 47, wherein the reconfigurable circuit is
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a reconfigurable routing multiplexer (RMUX).

55.  The computer readable medium of claim 47, wherein the reconfigurable circuit is
a reconfigurable input multiplexer (IMUX).

56. A method generating a layout for implementing a user design on an integrated
circuit (IC) that comprises a plurality of reconfigurable circuits, the method comprising:

defining a first configuration comprising a first set of configuration values for a
reconfigurable circuit in a first reconfiguration cycle;

defining a first cost for defining a second configuration with a second set of configuration
values for the reconfigurable circuit in a second reconfiguration cycle, wherein the second set of
configuration values is different from the first set of configuration values;

defining a second cost for defining a third configuration with a third set of configuration
values for the reconfigurable circuit in the second reconfiguration cycle, wherein the third set of
values is different from the first set of values and the second set of values;

selecting a configuration to define for the reconfigurable circuit in the second
reconfiguration cycle based at least partly on said defined costs; and

defining said reconfigurable circuit in the second reconfiguration cycle with said selected
configuration.

57.  The method of claim 56, wherein the first amount depends on how different the
second set of configuration values is from the first set of configuration values and the second
amount depends on how different the third set of configuration values is from the first set of
configuration values.

58.  The computer readable medium of claim 57, wherein a first number of values of
the second set of configuration values is different from the corresponding values of the first set
of configuration values, wherein a second number of values of the third set of configuration
values is different from the corresponding values of the first set of configuration values, wherein

the second amount is larger than the first amount when the second number is larger than the first
-84 -



WO 2011/123151 PCT/US2010/053487

number.

59.  The method of claim 56 further comprising;:

increasing a set of costs by a set of amounts, each cost of said set of costs associated with
defining a particular configuration with a particular set of configuration values for the
reconfigurable circuit in the second reconfiguration cycle, wherein the particular set of values is
different from the first set of values, wherein the increase in the cost of defining the particular
configuration with the particular set of configuration values for the reconfigurable circuit in the
second reconfiguration cycle is at least partly dependent on how different the particular set of
values is from the first set of values; and

selecting the configuration to define for the reconfigurable circuit in the second
reconfiguration cycle based at least partly on said set of increased costs.

60.  The method of claim 56, wherein said second reconfiguration cycle is between the
first reconfiguration cycle and a third reconfiguration cycle, the method further comprising:

increasing a set of costs by a set of amounts, each cost of said set of costs corresponding
to defining a particular configuration with a particular set of configuration values for the
reconfigurable circuit in the third reconfiguration cycle, wherein the particular set of values is
different from a fourth set of values of the selected configuration for the reconfigurable circuit in
the second reconfiguration cycle, wherein the increase in the cost of defining the particular
configuration with the particular set of configuration values for the reconfigurable circuit in the
third reconfiguration cycle is at least partly dependent on how different the particular set of
values is from the fourth sct of values; and

selecting the configuration to define for the reconfigurable circuit in the second
reconfiguration cycle based at least partly on said set of increased costs.

61. The method of claim 56 further comprising;:

defining a first set of configurations comprising a plurality of first sets of configuration

values for each of a plurality of reconfigurable circuits in a first reconfiguration cycle;
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for each of said plurality of reconfigurable circuits: (i) increasing a cost, by a first
amount, for defining a second configuration with a second set of configuration values for the
reconfigurable circuit in a second reconfiguration cycle, wherein the second set of configuration
values is different from the first set of configuration values for that reconfigurable circuit and (i1)
increasing a cost by a second amount for defining a third configuration with a third set of
configuration values for the reconfigurable circuit in the second reconfiguration cycle, wherein
the third set of values is different from the first set of values and the second set of values;

selecting a second set of configurations to define for the reconfigurable circuits in the
second reconfiguration cycle based at least partly on said increased costs; and

defining said set of reconfigurable circuits in the second reconfiguration cycle with said
selected set of configurations.

62.  The method of claim 56 further comprising identifying a reconfiguration cycle in
which the reconfigurable circuit has a “don’t care” configuration and defining said
reconfigurable circuit to have the same values in said identified reconfiguration cycle as the
reconfigurable circuit has in another reconfiguration cycle.

63.  The method of claim 62, wherein the other reconfiguration cycle is a

reconfiguration cycle immediately preceding the identified reconfiguration cycle.
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