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CONFIGURABLE STORAGE ELEMENTS

FIELD OF INVENTION

The present invention is directed towards configurable ICs having a circuit

arrangement with storage elements for performing routing and storage operations.

BACKGROUND

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 ("I/O") 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 I/O circuits.

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.

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.

Figure 3A illustrates a portion of a prior art configurable IC 300. As shown in this



figure, the IC 300 includes an array of configurable logic circuits 305 and configurable

interconnect circuits 310. The IC 300 has two types of interconnect circuits 310a and 310b.

Interconnect circuits 310a connect interconnect circuits 310b and logic circuits 305, while

interconnect circuits 310b connect interconnect circuits 310a to other interconnect circuits

310a.

In some cases, the IC 300 includes numerous logic circuits 305 and interconnect

circuits 310 (e.g., hundreds, thousands, hundreds of thousands, etc. of such circuits). As

shown in Figure 3A, each logic circuit 305 includes additional logic and interconnect

circuits. Specifically, Figure 3A illustrates a logic circuit 305a that includes two sections

315a that together are called a slice. Each section includes a look-up table ("LUT") 320, a

user register 325, a multiplexer 330, and possibly other circuitry (e.g., carry logic) not

illustrated in Figure 3A.

The multiplexer 330 is responsible for selecting between the output of the LUT 320 or

the user register 325. For instance, when the logic circuit 305a has to perform a computation

through the LUT 320, the multiplexer 330 selects the output of the LUT 320. Alternatively,

this multiplexer selects the output of the user register 325 when the logic circuit 305a or a

slice of this circuit needs to store data for a future computation of the logic circuit 305a or

another logic circuit.

Figure 3B illustrates an alternative way of constructing half a slice in a logic circuit

305a of Figure 3A. Like the half-slice 315a in Figure 3A, the half-slice 315b in Figure 3B

includes a LUT 320, a user register 325, a multiplexer 330, and possibly other circuitry (e.g.,

carry logic) not illustrated in Figure 3B. However, in the half-slice 315b, the user register 325

can also be configured as a latch. In addition, the half-slice 315b also includes a multiplexer

350. In half-slice 315b, the multiplexer 350 receives the output of the LUT 320 instead of the

register/latch 325, which receives this output in half-slice 315a. The multiplexer 350 also

receives a signal from outside of the half-slice 315b. Based on its select signal, the

multiplexer 350 then supplies one of the two signals that it receives to the register/latch 325.

In this manner, the register/latch 325 can be used to store (1) the output signal of the LUT

320 or (2) a signal from outside the half-slice 315b.

The use of user registers to store such data is at times undesirable, as it typically

requires data to be passed at a clock's rising edge or a clock's fall edge. In other words,

registers often do not provide flexible control over the data passing between the various

circuits of the configurable IC. In addition, the placement of a register or a latch in the logic

circuit increases the signal delay through the logic circuit, as it requires the use of at least one



multiplexer 330 to select between the output of a register/latch 325 and the output of a LUT

320. The placement of a register or a latch in the logic circuit further hinders the design of an

IC as the logic circuit becomes restricted to performing either storage operations or logic

operations, but not both.

Accordingly, there is a need for a configurable IC that has a more flexible approach

for storing data and passing data that utilizes and is compatible with the IC's existing routing

pathways and circuit array structures. More generally, there is a need for more flexible

storage and routing mechanisms in configurable ICs.



SUMMARY OF THE INVENTION

Some embodiments provide a configurable integrated circuit (IC) having a routing

fabric that includes configurable storage element in its routing fabric. In some embodiments,

the configurable storage element includes a parallel distributed path for configurably

providing a pair of transparent storage elements. The pair of configurable storage elements

can configurably act either as non-transparent (i.e., clocked) storage elements or transparent

configurable storage elements.

In some embodiments, the configurable storage element in the routing fabric performs

both routing and storage operations by a parallel distributed path that includes a clocked

storage element and a bypass connection. In some embodiments, the configurable storage

element perform both routing and storage operations by a pair of master-slave latches but

without a bypass connection. The routing fabric in some embodiments supports the

borrowing of time from one clock cycle to another clock cycle by using the configurable

storage element that can be configure to perform both routing and storage operations in

different clock cycles. In some embodiments, the routing fabric provide a low power

configurable storage element that includes multiple storage elements that operates at different

phases of a slower running clock.

In addition to having storage elements, the configurable routing fabric of some

embodiments further includes arithmetic elements that can configurably perform arithmetic

operations such as add and compare. The arithmetic element in some embodiments does use

any configurable logic circuits outside of the routing fabric to perform its arithmetic

operation.

The routing fabric in some embodiments provides a run-time power-saving circuit

that forces configurable routing circuits in the fabric to select a quiet path. In some

embodiments, the run-time flicker prevention circuit provides a "consort" signal that, when

asserted, forces a row of configurable circuits into their "init" state. Some embodiments

identify the "consort" signal as a user signal is able to indicate whether the row of

configurable circuits is active during certain clock cycles.



BRIEF DESCRIPTION OF THE DRAWINGS

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.

Figure 1 illustrates an example of a configurable logic circuit.

Figure 2 illustrates an example of a configurable interconnect circuit.

Figure 3A illustrates a portion of a prior art configurable IC.

Figure 3B illustrates an alternative way of constructing half a slice in a logic circuit

of Figure 3A.

Figure 4 illustrates a configurable circuit architecture that is formed by numerous

configurable tiles that are arranged in an array with multiple rows and columns of some

embodiments.

Figure 5 provides one possible physical architecture of the configurable IC illustrated

in Figure 4 of some embodiments.

Figure 6 illustrates the detailed tile arrangement of some embodiments.

Figure 7 illustrates an example of a sub-cycle reconfigurable IC of some

embodiments.

Figure 8 illustrates two multiplexers of some embodiments used for retrieving

configuration data.

Figure 9 illustrates a multiplexer of some embodiments that uses tri-state inverters.

Figure 10 illustrates a multiplexer of some embodiments that uses tri-state inverters

with shared control signals.

Figures 11A and 11B illustrate circuit level representations for tri-state inverters of

some embodiments.

Figure 12 illustrates the operations of storage elements within the routing fabric of a

configurable IC of some embodiments.

Figure 13 illustrates placement of storage elements within the routing fabric of a

configurable IC of some embodiments.

Figure 14 illustrates routing circuit with a storage element at its output stage for some

embodiments.

Figure 15 illustrates a circuit level implementation of a routing circuit with a storage

element at its output stage.

Figure 16 illustrates a routing circuit with two storage elements at its output stage for

some embodiments.



Figure 17 illustrates a circuit level implementation of a routing circuit with two

storage elements at its output stage.

Figure 18 illustrates a storage element at input of a routing circuit.

Figure 19 illustrates a circuit level implementation of a routing circuit having a

storage element at its input stage.

Figure 20 illustrates a routing fabric section that includes a parallel distributed path.

Figure 21 illustrates a parallel distributed output path for configurably providing a

pair of transparent storage elements.

Figure 22 illustrates an example implementation for the circuit of Figure 21 of some

embodiments.

Figure 23 illustrates a parallel distributed output path for configurably providing a

pair of transparent storage elements that are control by different sets of configuration data.

Figure 24 illustrates a parallel distributed output path for configurably providing a

pair of transparent storage elements and a bypass connection.

Figure 25 illustrates an example implementation for the circuit of Figure 24 of some

embodiments.

Figure 26 illustrates an example in which different delays are introduced in different

configuration data retrieval paths.

Figure 27A illustrates different examples of clock and configuration data signals that

may be used to drive circuits of the IC.

Figure 27B illustrates the operations of clocked storage elements within the routing

fabric of a configurable IC of some embodiments.

Figure 28 illustrates placement of clocked storage elements within the routing fabric

of a configurable IC of some embodiments.

Figure 29 illustrates alternative embodiments of clocked storage elements placed

within the routing fabric of a configurable IC of some embodiments.

Figure 30 illustrates the configuring of a configurable clocked storage element of

some embodiments.

Figure 31A illustrates a transparent storage element placed between a first circuit's

output and a second circuit's input of some embodiments.

Figure 31B illustrates the operation of the circuit from Figure 31A where the output

is latched and unlatched in alternating reconfiguration cycles of some embodiments.

Figure 31C illustrates the operation of the circuit from Figure 31A where the output

is latched for multiple reconfiguration cycles of some embodiments.



Figure 32 illustrates the timing of the circuit from Figure 31A under the operating

conditions described by Figure 31B of some embodiments.

Figure 33 illustrates the timing of the circuit from Figure 31A under the operating

conditions described by Figure 31C of some embodiments.

Figure 34A illustrates a clocked storage element placed between a first circuit's

output and a second circuit's input of some embodiments.

Figure 34B illustrates the operation of the circuit from Figure 34A of some

embodiments.

Figure 35 illustrates the timing using different embodiments of the circuit from

Figure 34A of some embodiments.

Figure 36 illustrates a configurable clocked storage element placed between a first

circuit's output and a second circuit's input of some embodiments.

Figure 37 illustrates the timing of the circuit from Figure 36 using different

configuration data of some embodiments.

Figure 38 illustrates a routing fabric section that performs routing and storage

operations by parallel paths that includes a clocked storage element.

Figure 39 illustrates an example implementation for the circuit of Figure 38.

Figure 40 illustrates a routing fabric section that includes a pair of configurable

master-slave latches as its clocked storage.

Figure 41 illustrates an example implementation of the circuit of Figure 40.

Figure 42 conceptually illustrates the operations of the circuit of Figure 41 based on

the value of configuration signal.

Figure 43 illustrates an example of using KMUX to implement time borrowing.

Figure 44 illustrates an example of a low power sub-cycle reconfigurable conduit.

Figure 45 illustrates an alternative low power sub-cycle reconfigurable conduit for

some embodiments.

Figure 46 illustrates an arithmetic element that uses LUTs in the arithmetic

operations.

Figure 47 illustrates an example of a routing fabric that includes logic carry block

(LCB).

Figure 48 illustrates a LCB that does not use LUTs in its arithmetic operations.

Figure 49 illustrates a LCB that does not include carry look-ahead logic.

Figure 50 illustrates an 8-bit LCB.

Figure 51 illustrates an alternative 8-bit LCB.



Figure 52 illustrates a LCB circuit that provides a wide XOR output by using a

dedicated XOR gate.

Figure 53 illustrates a LCB circuit that provides a wide XOR output by reusing XOR

gates that are also used for performing the arithmetic operations.

Figure 54 illustrates placements of storage elements and arithmetic elements within

the routing fabric or within the reconfigurable tile structure of some embodiments.

Figure 55 illustrates a process for using the storage element in the routing fabric to

prevent bit flicker.

Figure 56 conceptually illustrates a sub-cycle reconfigurable circuit that is controlled

by a set of select lines.

Figure 57 illustrates a gating circuit that selectively maintains the select line of a

previous sub-cycle.

Figure 58 illustrates an example runtime flicker prevention circuit that forces an

RMUX/YMUX pair to select a quiet path.

Figure 59 illustrates another example runtime flicker prevention circuit that forces a

RMUX/KMUX pair to select a quiet path.

Figure 60 conceptually illustrates forcing a configuration retrieval circuit to output

zero for a configurable circuit row.

Figure 61 illustrates identifying and routing a user signal for forcing configuration

retrieval circuits to output zero for a row of configurable circuits.

Figure 62 illustrates a configurable IC in which different rows of configurable

circuits are controlled by different consort signals.

Figure 63 illustrates a process for identifying and routing a user signal as a "consort"

signal.

Figure 64 illustrates assigning subsets of a user design to different rows of

configurable circuits according to assignment of "consort" signals.

Figures 65A and 65B illustrate the prevention of hold time violation by offsetting

reconfiguration timing.

Figure 66 illustrates a configurable tile that is used by the integrated circuit of some

embodiments.

Figure 67 illustrates a portion of a configurable IC of some embodiments.

Figure 68 illustrates a more detailed example of data between a configurable node

and a configurable circuit arrangement that includes configuration data that configures the

nodes to perform particular operations of some embodiments.



Figure 69 illustrates a system on chip ("SoC") implementation of a configurable IC

of some embodiments.

Figure 70 illustrates an embodiment that employs a system in package ("SiP")

implementation for a configurable IC of some embodiments.

Figure 71 conceptually illustrates a more detailed example of a computing system

that has an IC, which includes one of the invention's configurable circuit arrangements of

some embodiments.



DETAILED DESCRIPTION

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.

Some embodiments provide a configurable integrated circuit ("IC") that includes a

configurable routing fabric with storage elements. Examples of such storage elements include

transparent storage elements (e.g., latches) and non-transparent storage elements (e.g.,

registers). A latch is a storage element that can operate transparently, not needing, for

example, a clock signal. Specifically, based on an enable signal, a latch either holds its output

constant (i.e., is closed) or passes its input to its output (i.e., is open). For instance, a latch (1)

might pass a signal on its input terminal to its output terminal when the enable signal is not

active (e.g., when the signal on the enable terminal is logic low) and (2) might store a value

and hold its output constant at this value when the enable signal is active (e.g., when the

signal is logic high). Such a latch typically stores the value that it was receiving when the

enable signal transitions from its inactive state (e.g., low) to its active state (e.g., high). Some

latches do not include a separate enable signal, instead the input signal (or combination of

input signals) to the latch acts as an enable signal.

A register is a storage element that cannot operate transparently. For instance, some

registers operate based on a control signal (e.g., a periodic clock signal) received on the

control terminal. Based on this signal, the register either holds its output constant or passes its

input to its output. For instance, when the control signal makes a transition (e.g., goes from

logic low to logic high), the register samples its input. Next, when the control signal is

constant or makes the other transition, the register provides at its output the value that it most

recently sampled at its input. In a register, the input data typically must be present a particular

time interval before and after the active clock transition. A register is often operated by a

clock signal that causes the register to pass a value every clock cycle, while a latch is often

controlled by a control signal, but this is not always have to be the case.

The IC of some embodiments also includes other configurable circuits for

configurably performing operations (e.g., logic operations). In some of these embodiments,

the configurable circuits of the IC are arranged in a particular manner, e.g., in groups of the



circuits (or "tiles") that include multiple inputs and outputs. In some embodiments, the

configurable circuits and/or storage elements are sub-cycle reconfigurable circuits and/or

storage elements that may receive different configuration data in different sub-cycles. A sub-

cycle in some embodiments is a fraction of another clock cycle (e.g., a user design cycle). In

some embodiments, the configurable circuits described above and below reconfigure at a

different rate than the sub-cycle rate. For instance, in some embodiments, these circuits

reconfigure at the user-design clock rate or any arbitrary reconfiguration cycle rate that is

smaller than the sub-cycle or user-design clock rate. Accordingly, reconfigurable circuits

generally reconfigure at a reconfiguration rate associated with a reconfiguration cycle.

In some embodiments, the routing fabric provides a communication pathway that

routes signals to and from source and destination components (e.g., to and from configurable

circuits of the IC). The routing fabric of some embodiments provides the ability to selectively

store the signals passing through the routing fabric within the storage elements of the routing

fabric. In this manner, a source or destination component continually performs operations

(e.g., computational or routing) irrespective of whether a previous signal from or to such a

component is stored within the routing fabric. The source and destination components include

configurable logic circuits, configurable interconnect circuits, and various other circuits that

receive or distribute signals throughout the configurable IC.

In some embodiments, the routing fabric includes configurable interconnect circuits,

the wire segments (e.g., the metal or polysilicon segments) that connect to the interconnect

circuits, and/or vias that connect to these wire segments and to the terminals of the

interconnect circuits. In some of these embodiments, the routing fabric also includes buffers

for achieving one or more objectives (e.g., maintaining the signal strength, reducing noise,

altering signal delay, etc.) with respect to the signals passing along the wire segments. In

conjunction with or instead of these buffer circuits, the routing fabric of some of these

embodiments might also include one or more non-configurable circuits (e.g., non-

configurable interconnect circuits).

Different embodiments place storage elements at different locations in the routing

fabric or elsewhere on the IC. Examples of such locations include storage elements coupled

to or within the input stage of interconnect circuits, storage elements coupled to or within the

output stage of interconnect circuits, storage elements coupled to, cross-coupled to, or

adjacent to buffer circuits in the routing fabric, and storage elements at other locations of the

routing fabric or elsewhere on the IC.

In some embodiments, the routing fabric includes interconnect circuits with at least



one storage element located at their input stage. For a particular interconnect circuit that

connects a particular source circuit to a particular destination circuit, the input of the

particular interconnect circuit's storage element connects to an output of the source circuit.

When enabled, the storage element holds the input of the interconnect circuit for a particular

duration (e.g., for one or more user design clock cycles or one or more sub-cycles). Such a

storage element may be used to hold the value at the input of the interconnect circuit while

the interconnect circuit is not being used to route data, while the interconnect circuit is being

used to route data that is being held by the storage element, or while the interconnect circuit

is being used to route data that the interconnect circuit receives along another one of its

inputs.

In some embodiments, the storage elements are configurable storage elements that are

controlled by configuration data. In some of these embodiments, each configurable storage

element is controlled by a separate configuration data signal, while in other of these

embodiments, multiple configurable storage elements are controlled by a single configuration

data signal. In some embodiments, the storage elements are configurable storage elements

that can controllably store data for arbitrary durations of time. In other words, some or all of

these storage elements are configurable storage elements whose storage operation is

controlled by a set of configuration data stored in the IC. For instance, in some embodiments,

the set of configuration bits determines the configuration cycles in which a storage element

receives and/or stores data. In some embodiments, some or all of these transparent storage

elements may also be at least partly controlled by a clock signal or a signal derived from a

clock signal.

In addition to the transparent storage elements described above, in some

embodiments, the routing fabric includes clocked storage elements. In some embodiments,

each clocked storage element includes at least one input, at least one output, and a series of

clocked delay elements connected sequentially. In some embodiments, each clocked delay

element has at least one data input and at least one data output, where the data supplied to the

input is stored during one clock cycle (or sub-cycle, etc.) and the stored data is provided at

the output one clock cycle later.

In some embodiments, some or all of the clocked storage elements described above

may be at least partly controlled by user design signals. In some embodiments, some or all of

these clocked storage elements are configurable storage elements whose storage operation is

at least partly controlled by a set of configuration data stored in configuration data storage of

the IC. For instance, in some embodiments, the set of configuration bits determines the



number of clock cycles in which a clocked storage element presents data at its output. In

some embodiments, the clocked storage element receives a signal derived from a clock signal

that at least partly controls its storage operation.

In addition to the structure and operation of the storage elements circuits above, some

embodiments reduce power consumption during the operation of the IC by using any idle

storage elements, interconnect circuits, and/or other circuits to eliminate unnecessary toggling

of signals in the IC. For instance, the configurable storage element described above that

includes multiple storage elements built in the output stage of a configurable interconnect

circuit may be used for power savings when one or more of the storage elements located at its

outputs is not needed for a routing or storage operation. The configurable storage element's

unused output(s) may be configured to hold its previous output value in order to eliminate

switching at the output, and at any wires or other circuitry connected to the output (e.g., at the

input of an interconnect circuit, buffer, etc.). Several processes to achieve reduced power

consumption utilizing the storage elements discussed above are described below.

Some embodiments provide a configurable integrated circuit (IC) having a routing

fabric that includes configurable storage element in its routing fabric. In some embodiments,

the configurable storage element includes a parallel distributed path for configurably

providing a pair of transparent storage elements. The pair of configurable storage elements

can configurably act either as non-transparent (i.e., clocked) storage elements or transparent

configurable storage elements.

In some embodiments, the configurable storage element in the routing fabric performs

both routing and storage operations by a parallel distributed path that includes a clocked

storage element and a bypass connection. In some embodiments, the configurable storage

element perform both routing and storage operations by a pair of master-slave latches but

without a bypass connection. The routing fabric in some embodiments supports the

borrowing of time from one clock cycle to another clock cycle by using the configurable

storage element that can be configure to perform both routing and storage operations in

different clock cycles. In some embodiments, the routing fabric provide a low power

configurable storage element that includes multiple storage elements that operates at different

phases of a slower running clock.

In addition to having storage elements, the configurable routing fabric of some

embodiments further includes arithmetic elements that can configurably perform arithmetic

operations such as add and compare. The arithmetic element in some embodiments does use

any configurable logic circuits outside of the routing fabric to perform it arithmetic operation.



Some embodiments configure an IC that includes multiple reconfigurable circuits,

where several of the reconfigurable circuits are reconfigurable storage elements and each of

the reconfigurable storage elements has an association with another reconfigurable circuit. In

some embodiments, a reconfigurable storage element has an association with a reconfigurable

circuit when an output (or input) of the reconfigurable circuit is directly connected to an input

(or output) of the reconfigurable storage element. As further described below, a direct

connection in some embodiments may include multiple wires, vias, and/or buffers. It may

also include in some embodiments non-configurable circuits but does not include intervening

configurable circuits. In some embodiments, a reconfigurable storage element may be

configured, based on a configuration data, to either pass-through a value during a particular

reconfiguration cycle, or hold a value that it was outputting during a previous reconfiguration

cycle.

In some embodiments, several of the reconfigurable circuits are reconfigurable

interconnect circuits. In some embodiments, each reconfigurable interconnect circuit has a set

of inputs, a set of select lines, and at least one output. The reconfigurable interconnect circuit

of some embodiments selects an input from the set of inputs based on data supplied to the set

of select lines. In some embodiments, the reconfigurable interconnect circuit is controlled by

configuration data supplied to its select lines.

Several more detailed embodiments of the invention are described in the sections

below. Before describing these embodiments further, an overview of the configurable IC

architecture used by some embodiments to implement the routing fabric with storage

elements is given in Section I below. This discussion is followed by the discussion in Section

II of an overview of the reconfigurable IC architecture used by some embodiments to

implement the routing fabric with storage elements. Next, Section III describes various

implementations of a configurable IC that includes transparent storage elements in its routing

fabric. This description is followed by the discussion in Section IV of various

implementations of a configurable IC that includes clocked storage elements. Section V

describes various arithmetic elements in the routing fabric. Next, Section VI describes power

reduction in a configurable IC. Last, Section VII describes the IC architecture of some

embodiments, along with packaging for the IC, the electronic systems that use the IC, and the

computer system that defines the configuration data sets for the IC.

I. CONFIGURABLE IC ARCHITECTURE

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.

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 IC 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 IC design.

Examples of configurable circuits include configurable interconnect circuits and

configurable logic circuits. A logic circuit is a circuit that can perform a function on a set of

input data that it receives. A configurable logic circuit is a logic circuit that can be configured

to perform different functions on its input data set.

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.e., 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.

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.).

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.). Figures 4-6 illustrate several configurable circuit arrangements/architectures that

include the invention's circuits. One such architecture is illustrated in Figure 4.

The architecture of Figure 4 is formed by numerous configurable tiles 405 that are

arranged in an array with multiple rows and columns. In Figure 4, each configurable tile

includes a configurable three-input LUT 410, three configurable input-select multiplexers

415, 420, and 425, and two configurable routing multiplexers 430 and 435. Different

embodiments have different number of configurable interconnect circuits 430. For instance,

some embodiments may have eight configurable interconnect circuits while others may have

more or less such circuits. For each configurable circuit, the configurable IC 400 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.

In some embodiments, the logic circuits are look-up tables while the interconnect

circuits are multiplexers. Also, in some embodiments, the LUTs and the multiplexers are sub-

cycle reconfigurable circuits (sub-cycles of reconfigurable circuits may be alternatively

referred to as "reconfiguration cycles"). In some of these embodiments, the configurable IC

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.

Other configurable tiles can include other types of circuits, such as memory arrays instead of

logic circuits.

In Figure 4, an input-select multiplexer (also referred to as an "IMUX") 415 is an

interconnect circuit associated with the LUT 410 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" along its

select lines.

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 discussion 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.

In Figure 4, a routing multiplexer (also referred to as an RMUX) 430 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.e., has a

fan out greater than 1), or provides its output to at least one other interconnect circuit.

In some embodiments, the RMUXs depicted in Figure 4 form the routing fabric 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.

Various wiring architectures can be used to connect the RMUXs, IMUXs, and LUTs. Several

examples of the wire connection scheme are described in U.S. Patent 7,295,037.

Several embodiments are described below by reference to a "direct connection." In

some embodiments, a direct connection is established through a combination of one or more

wire segments, and potentially one or more vias, but no intervening circuit. In some

embodiments, a direct connection does not include any intervening configurable circuits. In

some embodiments, a direct connection might however include one or more intervening

buffer circuits but no other type of intervening circuits. In yet other embodiments, a direct

connection might include intervening non-configurable circuits instead of or in conjunction

with buffer circuits. In some of these embodiments, the intervening non-configurable circuits

include interconnect circuits, while in other embodiments they do not include interconnect

circuits.

In the discussion below, two circuits might be described as directly connected. This



means that the circuits are connected through a direction connection. Also, some connections

are referred to below as configurable connections and some circuits are described as

configurably connected. Such references signifies that the circuits are connected through a

configurable interconnect circuit (such as a configurable routing circuit).

In some embodiments, the examples illustrated in Figure 4 represent the actual

physical architecture of a configurable IC. However, in other embodiments, the examples

illustrated in Figure 4 topologically illustrate the architecture of a configurable IC (i.e., they

conceptually show the configurable IC without specifying a particular geometric layout for

the position of the circuits).

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 ICs physical architecture appears quite different from its topological

architecture. For example, Figure 5 provides one possible physical architecture of the

configurable IC 400 illustrated in Figure 4.

Having the aligned tile layout with the same circuit elements of Figure 5 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 layout not only has 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.

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.

Some embodiments might utilize alternative tile structures. For instance, Figure 6

illustrates an alternative tile structure that is used in some embodiments. This tile 600 has

four sets 605 of 4-aligned LUTs along with their associated IMUXs. It also includes eight

sets 610 of RMUXs and eight banks 615 of configuration RAM storage. Each 4-aligned LUT

tile shares one carry chain. One example of which is described in U.S. Patent 7,295,037. 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.



II. RECONFIGURABLE IC ARCHITECTURE

Some embodiments of the invention can be implemented in a reconfigurable

integrated circuit that has reconfigurable circuits that reconfigure (i.e., base their operation on

different sets of configuration data) one or more times during the operation of the IC.

Specifically, reconfigurable ICs are configurable ICs that can reconfigure during runtime. A

reconfigurable IC typically includes reconfigurable logic circuits and/or reconfigurable

interconnect circuits, where the reconfigurable logic and/or interconnect circuits are

configurable logic and/or interconnect circuits that can "reconfigure" more than once at

runtime. A configurable logic or interconnect circuit reconfigures when it bases its operation

on a different set of configuration data.

A reconfigurable circuit of some embodiments that operates on four sets of

configuration data receives its four configuration data sets sequentially in an order that loops

from the first configuration data set to the last configuration data set. Such a sequential

reconfiguration scheme is referred to as a 4 "loopered" scheme. Other embodiments,

however, might be implemented as 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 an order that loops from the last configuration data set to the first

configuration data set.

Figure 7 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 an IC design 715 that operates at a clock speed of X MHz. The operations

performed by the components in the IC design 715 can be partitioned into four sets of

operations 720-735, with each set of operations being performed at a clock speed of X MHz.

Figure 7 then illustrates that these four sets of operations 720-735 can be performed

by one sub-cycle reconfigurable IC 710 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 710 reconfiguring four times

during four cycles of the 4X MHz clock (i.e., during four sub-cycles of the X MHz clock).

During each of these reconfigurations (i.e., during each sub-cycle), the reconfigurable IC 710

performs one of the identified four sets of operations. In other words, the faster operational

speed of the reconfigurable IC 710 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.

Some embodiments use configuration retrieval circuits to retrieve configuration data



for the reconfigurable circuits. In some embodiments, configuration retrieval circuit includes

multiplexers that include an "init" input that is tied to a fixed polarity (e.g., ground). When

the "init" input is selected, a row of configurable circuits is forced into a known initial state,

since the configuration data retrieved by the configuration retrieval circuit is forced to zero.

Some embodiments select such an "init" inputs at these multiplexers to force configurable

circuits into a known initial state prior to the IC being configured. Some embodiments also

selects the "init" input during operation of the IC to minimize power consumption. For some

embodiments, Figures 8-11 illustrates multiplexers with init inputs in configuration retrieval

circuits.

Figure 8 illustrates two multiplexers 810 and 850 for retrieving configuration data in

some embodiments. As shown in the figure, the circuit 810 includes a set of NMOS pass gate

transistors 815, a pull-up PMOS transistor 820, and several inverting buffers 825 and 835.

The circuit 850 includes two sets 855 and 885 of NMOS pass gate transistors, a set of CMOS

pass gate transistors 870, two pull-up PMOS transistors 860 and 865, and several inverting

buffers 875-879.

The circuit 810 is a ten-to-one multiplexer that receives nine input signals from a set

of configuration storage elements (not shown) and one input signal that is tied to ground 830

to provide an "init" input. The "init" inputs of configuration retrieval multiplexers such as the

multiplexer 810 keep storage elements in the routing fabric at a known state before the chip is

configured. The set of NMOS pass gate transistors 815 receives a set of "one-hot" enable bits

s0-s8, where only one of enable bits s0-s8 is "hot" (active) while the other eight configuration

bits are "cold" (inactive). As a result, one of the nine input signals is selected and passed on

as the output of the multiplexer 810. When the configuration bit s9 is asserted, the

multiplexer 810 will output zero. In some embodiments, the zero output of the multiplexers

810 is used to force a row of configurable circuits into sleep at the same time to save power,

as described in detail below by reference to Figures 58-64.

Because NMOS pass gate transistors pass the value "1" slower than passing the value

"0", there can be reconfiguration skews in the output of the multiplexer 810. Some

embodiments therefore include the pull-up PMOS transistor 820 to quickly pull-up the output

of the multiplexer 810 and to regenerate the voltage levels at the output that have been

degenerated by the NMOS threshold drops. In other words, the pull-up PMOS transistor 820

is used because the NMOS pass transistors are slower than PMOS transistors in pulling an

output signal to a high voltage.

The inverting buffers 825 are used to isolate the circuit 810 from its load. These



buffers include more than one inverter in some embodiments. The outputs of these buffers are

the final output of the multiplexer 810. In some embodiments, the output buffers 825 are

followed by multiple inverters.

The circuit 850 is an eleven-to-one multiplexer that receives ten input signals from a

set of configuration storage elements (not shown) and one input signal that is tied to ground

880 to provide an "init" input. The init inputs of configuration retrieval multiplexers keep

storage elements in the routing fabric at a known state before the chip is configured. Each of

the two sets of NMOS pass gate transistors 855 and 885 receives a set of "one-hot" enable

bits. Specifically, the first set of NMOS pass gate transistors 855 receives "one-hot" enable

bits sO, s2, s4, s6, and s8, while the second set of NMOS pass gate transistors 885 receives

"one-hot" enable bits si, s3, s5, s7, and s9. As a result, two of the ten input signals are

selected and provided as inputs to the set of CMOS pass gate transistors 870. The CMOS

pass gate transistors 870 are controlled by a "stage-2" selection signal. At any given time,

only one of the CMOS pass gate transistors 870 is enabled to pass the signal it receives to the

output of the multiplexer 850.

When the init input (i.e., the grounded input) is selected, the multiplexer 850 will

output zero. In some embodiments, the zero outputs of multiplexers 850 are used to force a

row of configurable circuits into sleep at the same time to save power, as described in detail

below by reference to Figures 58-64. Because the CMOS pass gate transistors 870 pass the

value "1" with the same delay as passing the value "0", there are less reconfiguration skews

in the output of the multiplexer 850 than the multiplexer 810.

The pull-up PMOS transistors 860 and 865 are used to quickly pull-up the outputs of

the two groups of NMOS pass gate transistors and to regenerate the voltage levels at the

output of the two groups of NMOS pass gate transistors that have been degenerated by the

NMOS threshold drops. In other words, the pull-up PMOS transistors 860 and 865 are used

because the NMOS pass transistors are slower than PMOS transistors in pulling an output

signal to a high voltage.

The inverting buffers 875 are used to isolate the circuit 850 from its load. These

buffers include more than one inverter in some embodiments. The outputs of these buffers are

the final output of the multiplexer 850. In some embodiments, the output buffers 875 are

followed by multiple inverters.

The multiplexers described above use NMOS pass gate transistors in selecting signals.

In some embodiments, tri-state inverters are used for selecting signals instead. Figure 9

illustrates a multiplexer 900 of some embodiments that uses tri-state inverters for signal



selection. As shown in this figure, the circuit 900 includes three sets 910-930 of tri-state

inverters and two inverting output buffers 940.

The circuit 900 is a sixteen-to-one multiplexer that receives fifteen input signals from

a set of configuration storage elements (not shown) and one input signal 960 that is tied to

ground 950 to provide an "init" input. The init inputs of configuration retrieval multiplexers

keep storage elements in the routing fabric at a known state before the chip is configured.

Each of the two sets of tri-state inverters 910 and 920 receives a set of "one-hot" enable bits.

As a result, two of the sixteen input signals are selected and provided as inputs to the third set

of tri-state inverters 930. At any given time, only one of tri-state inverter in the set 930 is

enabled and passes the signal it receives to the output of the multiplexer 900. When the init

input 960 is selected, the multiplexer 900 will output zero. In some embodiments, the zero

outputs of multiplexers 900 are used to force a row of configurable circuits into sleep at the

same time to save power, as described in detail below by reference to Figures 58-64.

The inverting buffers 940 are used to isolate the circuit 900 from its load. These

buffers include more than one inverter in some embodiments. The outputs of the buffers 940

are the final output of the multiplexer 900. In some embodiments, the output buffers 940 are

followed by multiple inverters. In some embodiments, the output of the circuit 900 is latched.

Figure 10 illustrates a multiplexer of some embodiments that uses tri-state inverters

with shared control signals. As shown in this figure, the circuit 1000 includes three sets 1010-

1030 of tri-state inverters and two inverting output buffers 1040.

The circuit 1000 is a sixteen-to-one multiplexer that receives fifteen input signals

from a set of configuration storage elements (not shown) and one input signal 1060 that is

tied to ground 1050 to provide an "init" input. The init inputs of configuration retrieval

multiplexers keep storage elements in the routing fabric at a known state before the chip is

configured. The two sets of tri-state inverters 1010 and 1020 share the same set of 8-bit "one-

hot" enable bits. As a result, two of the sixteen input signals are selected and provided as

inputs to the third set of tri-state inverters 1030. At any given time, only one of the third set

of tri-state inverters 1030 is enabled to pass the signal it receives to the output of the

multiplexer 1000. When the init input 1060 is selected, the multiplexer 1000 will output zero.

In some embodiments, the zero outputs of multiplexers 1000 are used to force a row of

configurable circuits into sleep at the same time to save power, as described in detail below

by reference to Figures 58-64.

The inverting buffers 1040 are used to isolate the circuit 1000 from its load. These

buffers include more than one inverter in some embodiments. The outputs of these buffers are



the final output of the multiplexer 1000. In some embodiments, the output buffers 1040 are

followed by multiple inverters. In some embodiments, the output of the circuit 1000 is

latched.

If the enable signal to a tri-state inverter in the sets of tri-state inverters 1010, 1020,

and 1030 is low, the tri-state inverter would not pass and invert the signal that it receives.

Instead, the tri-state inverter would prevent the received signals from being outputted by the

multiplexer 1000. Figure 11A illustrates a circuit level circuit representation for a tri-state

inverter of some embodiments. The tri-state inverter 1105 includes two NMOS transistors

1110, one receiving the input 1115 and one receiving the enable signal. The tri-state inverter

further includes two PMOS transistors 1130, one which receives the input 1115 and the other

which receives the complement of the enable signal. In Figure 11A, the tri-state inverter

1105 inverts the input 1115 when the enable signal is high and acts as an open circuit (e.g.,

open switch) when the enable signal is low.

Figure 11B illustrates a circuit level representation for a different tri-state inverter

1150. Unlike the tri-state inverter 1105, the second tri-state inverter 1150 is activated by a

low enable signal. By swapping the enable signal and the complement to the enable signal,

the tri-state inverter 1150 has the opposite functionality to that of the tri-state inverter 1105.

Therefore, the tri-state inverter 1150 acts as an open switch when the enable is high and acts

as an inverter when the enable is low.

III. TRANSPARENT STORAGE ELEMENTS

As mentioned above, the configurable routing fabric of some embodiments is formed

by configurable RMUXs 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 addition to these components, the routing

fabric of some embodiments further includes configurable storage elements.

Having the storage elements within the routing fabric is highly advantageous. For

instance, such storage elements obviate the need to route data computed by a source

component to a second component that stores the computed data before routing the data to a

destination component that will use the data. Instead, such computed data can be stored

optimally within storage elements located along the existing routing paths between source

and destination components, which can be logic and/or interconnect circuits within the IC.

Such storage functionality within the routing fabric is ideal when in some

embodiments the destination component is unable to receive or process the signal from the

source component during a certain time period. This functionality is also useful in some



embodiments when a signal from a source component has insufficient time to traverse the

defined route to reach the destination within a single clock cycle or sub-cycle and needs to be

temporarily stored along the route before reaching the destination in a later clock cycle (e.g.,

user-design clock cycle) or in a later sub-cycle in case of a sub-cycle reconfigurable IC. By

providing storage within the routing fabric, the source and destination components continue

to perform operations (e.g., computational or routing) during the required storage time period.

Figure 12 illustrates the operations of storage elements within the routing fabric of a

configurable IC. In Figure 12, a component 1 10 is outputting a signal for processing by

component 1220 at clock cycle 1. However, component 1220 is receiving a signal from

component 1230 at clock cycles 1 and 2 and a signal from component 1240 at clock cycle 3.

Therefore, the signal from 1210 may not be routed to 1220 until clock cycle 4. Hence, the

signal is stored within the storage element 1250 located within the routing fabric. By storing

the signal from 1210 within the routing fabric during clock cycles 1 through 3, components

1210 and 1220 remain free to perform other operations during this time period. At clock

cycle 4, 1220 is ready to receive the stored signal and therefore the storage element 1250

releases the value. It should be apparent to one of ordinary skill in the art that the clock cycles

of some embodiments described above could be either (1) sub-cycles within or between

different user design clock cycles of a reconfigurable IC, (2) user-design clock cycles, or (3)

any other clock cycle.

Figure 13 illustrates several examples of different types of controllable storage

elements 1330-1380 that can be located throughout the routing fabric 1310 of a configurable

IC. Each of storage elements 1330-1380 can be controllably enabled to store an output signal

from a source component that is to be routed through the routing fabric to some destination

component. In some embodiments, some or all of these storage elements are configurable

storage elements whose storage operation is controlled by a set of configuration data stored in

configuration data storage of the IC. U.S. Patent 7,342,415 describes a two-tiered multiplexer

structure for retrieving enable signals on a sub-cycle basis from configuration data storage for

a particular configurable storage. It also describes building the first tier of such multiplexers

within the output circuitry of the configuration storage that stores a set of configuration data.

Such multiplexer circuitry can be used in conjunction with the configurable storage elements

described above and below. U.S. Patent 7,342,415 is incorporated herein by reference.

As illustrated in Figure 13, outputs are generated from the circuit elements 1320. The

circuit elements 1320 are configurable logic circuits (e.g., 3-input LUTs and their associated

IMUXs as shown in expansion 1305), while they are other types of circuits in other



embodiments. In some embodiments, the outputs from the circuit elements 1320 are routed

through the routing fabric 1310 where the outputs can be controllably stored within the

storage elements 1330-1380 of the routing fabric. Storage element 1330 is a storage element

that is coupled to the output of a routing multiplexer. This storage element will be further

described below by reference to Figures 14 and 15. Storage element 1340 includes a routing

circuit with a parallel distributed output path in which one of the parallel distributed paths

includes a storage element. This storage element will be further described below by reference

to Figures 20. Storage elements 1350 and 1360 include a routing circuit with a set of storage

elements in which a second storage element is connected in series or in parallel to the output

path of the routing circuit. Storage elements 1350 and 1360 are further described in

International publication No. WO 2010/033263, which is incorporated herein by reference.

Storage element 1370 has multiple storage elements coupled to the output of a routing

multiplexer. Storage element 1370 will be further described below by reference to Figures 16

and 17. Storage element 1380 is a storage element that is coupled to the input of a routing

multiplexer. Storage element 1380 will be further described below by reference to

Figures 18-19.

One of ordinary skill in the art will realize that the depicted storage elements within

the routing fabric sections of Figure 13 only present some embodiments of the invention and

do not include all possible variations. Some embodiments use all these types of storage

elements, while other embodiments do not use all these types of storage elements (e.g., some

embodiments use only one or two of these types of storage elements). Some embodiments

may place the storage elements at locations other than the routing fabric (e.g., between or

adjacent to the configurable logic circuits within the configurable tiles of the IC).

A. Storage Elements at Output of a Routing Circuit

Figure 14 illustrates routing circuit 1400 with a storage element 1405 at its output

stage for some embodiments. The storage element 1405 is a latch that is built in or placed at

the output stage of a multiplexer 1410. The latch 1405 receives a latch enable signal. When

the latch enable signal is inactive, the circuit 1400 simply acts as a routing circuit. On the

other hand, when the latch enable signal is active, the routing circuit 1400 acts as a latch that

outputs the value that the circuit was previously outputting while serving as a routing circuit.

Accordingly, when another circuit in a second later configuration cycle needs to receive the

value of circuit 1400 in a first earlier configuration cycle, the circuit 1400 can be used. The

circuit 1400 may receive and latch the value in a cycle before the second later configuration

cycle (e.g., in the first earlier cycle) and output the value to the second circuit in the second



later sub-cycle.

Figure 15 illustrates a circuit level implementation 1500 of the routing circuit 1400.

The storage element 1405 includes a latch that is built into the output stage of the multiplexer

1410 by using a pair of cross-coupling transistors. As shown in this figure, the circuit 1500

includes (1) one set of input buffers 1505, (2) three sets 1510, 1515, and 1520 of NMOS pass

gate transistors, (3) two pull-up PMOS transistors 1525 and 1530, (4) two inverting output

buffers 1535 and 1540, and (5) two cross-coupling transistors 1545 and 1550.

The circuit 1500 is an eight-to-one multiplexer that can also serve as a latch. The

inclusions of the two transistors 1545 and 1550 that cross couple the two output buffers 1535

and 1540 and the inclusion of the enable signal with a signal that drives the last set 1520 of

the pass transistors of the eight-to-one multiplexer allow the eight-to-one multiplexer 1500 to

act as a storage element whenever the enable signal is active (which, in this case, means

whenever the enable signal is high).

In a complementary pass-transistor logic ("CPL") implementation of a circuit, a

complementary pair of signals represents each logic signal, where an empty circle at or a bar

over the input or output of a circuit denotes the complementary input or output of the circuit

in the figures. In other words, the circuit receives true and complement sets of input signals

and provides true and complement sets of output signals. Accordingly, in the multiplexer

1500 of Figure 15, one subset of the input buffers 1505 receives eight input bits (0-7), while

another subset of the input buffers 1505 receives the complement of the eight inputs bits.

These input buffers serve to buffer the first set 1510 of pass transistors.

The first set 1510 of pass transistors receive the third select bit S2 or the complement

of this bit, while the second set 1515 of pass transistors receive the second select bit S1 or the

complement of this bit. The third set 1520 of pass transistors receive the first select bit or its

complement after this bit has been "AND'ed" by the complement of the enable signal. When

the enable bit is not active (i.e., in this case, when the enable bit is low), the three select bits

S2, SI, and S O cause the pass transistors to operate to pass one of the input bits and the

complement of this input bit to two intermediate output nodes 1555 and 1560 of the circuit

1500. For instance, when the enable signal is low, and the select bits are 0 11, the pass

transistors 1565a, 1570a, 1575a, and 1565b, 1570b, and 1575b turn on to pass the 6 and 6

input signals to the intermediate output nodes 1555 and 1560.

In some embodiments, the select signals S2, SI, and S O as well as the enable signal

are a set of configuration data stored in configuration data storage of the IC. In some



embodiments, the configuration data storage stores multiple configuration data sets. The

multiple configuration data sets define the operation of the storage elements during differing

clock cycles, where the clock cycles of some embodiments include user design clock cycles

or sub-cycles of a user design clock cycle of a reconfigurable IC. Circuitry for retrieving a set

of configuration data bits from configuration data storage is disclosed in U.S. Patent

7,342,415.

The pull-up PMOS transistors 1525 and 1530 are used to pull-up quickly the

intermediate output nodes 1555 and 1560, and to regenerate the voltage levels at the nodes

that have been degenerated by the NMOS threshold drops, when these nodes need to be at a

high voltage. In other words, these pull-up transistors are used because the NMOS pass

transistors are slower than PMOS transistors in pulling a node to a high voltage. Thus, for

instance, when the 6th input signal is high, the enable signal is low, and the select bits are

0 11, the pass transistors 1565-1575 start to pull node 1555 high and to push node 1560 low.

The low voltage on node 1560, in turn, turns on the pull-up transistor 1525, which, in turn,

accelerates the pull-up of node 1555.

The output buffer inverters 1535 and 1540 are used to isolate the circuit 1500 from its

load. Alternatively, these buffers may be formed by more than one inverter, but the feedback

is taken from an inverting node. The outputs of these buffers are the final output 1580 and

1585 of the multiplexer/latch circuit 1500. It should be noted that, in an alternative

implementation, the output buffers 1535 and 1540 are followed by multiple inverters.

The output of each buffer 1535 or 1540 is cross-coupling to the input of the other

buffer through a cross-coupling NMOS transistor 1545 or 1550. These NMOS transistors are

driven by the enable signal. Whenever the enable signal is low, the cross-coupling transistors

are off, and hence the output of each buffer 1535 or 1540 is not cross-coupling with the input

of the other buffer. Alternatively, when the enable signal is high, the cross-coupling

transistors are ON, which cause them to cross-couple the output of each buffer 1535 or 1540

to the input of the other buffer. This cross-coupling causes the output buffers 1535 and 1540

to hold the value at the output nodes 1580 and 1585 at their values right before the enable

signal went active. Also, when the enable signal goes active, the signal that drives the third

set 1520 of pass transistors (i.e., the "AND'ing" of the complement of the enable signal and

the first select bit SO) goes low, which, in turn, turns off the third pass-transistor set 1520 and

thereby turns off the multiplexing operation of the multiplexer/latch circuit 1500.

In some embodiments (e.g., some embodiments that are not runtime reconfigurable),

the latch enable signal of Figures 14 or 15 (referred to as Latch Enable in Figure 14 and



ENABLE in Figure 15) is one configuration data bit for all clock cycles. In other

embodiments (e.g., some embodiments that are runtime reconfigurable), this enable signal

corresponds to multiple configuration data sets, with each set defining the operation of the

storage elements 1405 and 1590 during differing clock cycles. These differing clock cycles

might be different user design clock cycles, or different sub-cycles of a user design clock

cycle or some other clock cycle.

In Figures 14 and 15, the operations of the multiplexers 1410 and 1505-1520 are

controlled by configuration data retrieved from configuration data storage. In some

embodiments (e.g., some embodiments that are not runtime reconfigurable), the configuration

data for each multiplexer is one configuration data set for all clock cycles. In other

embodiments (e.g., some embodiments that are runtime reconfigurable), this configuration

data corresponds to multiple configuration data sets, with each set defining the operation of

the multiplexer during differing clock cycles, which might be different user design clock

cycles, or different sub-cycles of a user design clock cycle or some other clock cycle. U.S.

Patent 7,342,415 discloses circuitry for retrieving configuration data sets from configuration

data storage in order to control the operation of interconnects and storage elements.

Figure 16 illustrates a routing circuit 1600 with two storage elements at its output

stage for some embodiments. The routing circuit 1600 has multiple latches 1610 that are built

in or placed at or near the output stage of a multiplexer 1620. The latches 1610 each receive a

latch enable signal. When the latch enable signals are inactive, the circuit simply acts as a

routing circuit, passing the input signal through both latches. When one latch enable signal is

inactive and one latch enable signal is active, the circuit acts as both a routing circuit and a

latch that outputs the value that the circuit was previously outputting while serving as a

routing circuit. When both latch enable signals are active, the circuit acts as a pair of latches

where each outputs the value that the circuit was previously outputting while the latch was

serving as a routing circuit. Since each latch enable signal may be activated independently

and asynchronously, the storage element 1370 may store a different value in each latch, or

store the same value in each latch. In some embodiments, the multiple latch of the routing

circuit 1600 provides simultaneous routing and storage capability. The multiple latches or the

routing circuit 1600 also allow storing of multiple values in some embodiments.

Accordingly, when other circuits in later configuration cycles need to receive the

value (or values) of circuit 1600 in an earlier configuration cycle (or cycles), the circuit 1600

can be used. Alternatively, if no other circuits need to receive the value (or values) of circuit

1600 in an earlier configuration cycle (or cycles), the circuit 1600 can be used to hold the



value (or values) at its outputs to prevent bit flicker on the wires or circuits that are connected

to the output of the circuit 1600, thus conserving power. The circuit 1600 may receive and

latch multiple values in multiple cycles before the later configuration cycle and output

multiple values to circuits in the later sub-cycles. One of ordinary skill will recognize that the

routing circuit 1600 is not limited to two latches in its output stage. In fact, any number of

latches may be placed at the output depending on the needs and constraints of the

configurable IC.

In some embodiments, the controls for the multiplexer 1620 and the latches 1610 are

derived at least partly from configuration data storage of the IC. In some embodiments, the

data in the configuration data storage comes from memory devices of an electronic device on

which the IC is a component. In some embodiments (e.g., some embodiments that are not

runtime reconfigurable), the configuration data storages store one configuration data set (e.g.,

one bit or more than one bit) for all clock cycles. In other embodiments (e.g., embodiments

that are runtime reconfigurable and have runtime reconfigurable circuits), the configuration

data storages store multiple configuration data sets, with each set defining the operations of

the circuits 1610 and 1620 during different clock cycles. These different clock cycles might

be different user design clock cycles, or different sub-cycles of a user design clock cycle or

some other clock cycle. In other words, the circuits 1610 and 1620 can be reconfigured to

perform a different operation in every clock cycle of a set (e.g., 3 or more) of consecutive

clock cycles.

Figure 17 illustrates a circuit level implementation 1700 of the routing circuit 1600,

where the latches are built into the output stage of the multiplexer 1620 by using pairs of

cross-coupling transistors. As shown in this figure, the circuit 1700 includes (1) one set of

input buffers 1705, (2) three sets 1710, 1715, and 1720 of NMOS pass gate transistors, (3)

four pull-up PMOS transistors 1725 and 1730, (4) four inverting output buffers 1735 and

1740, and (5) four cross-coupling transistors 1745 and 1750.

The circuit 1700 is an eight-to-one multiplexer that can also serve as multiple latches.

The inclusions of the four transistors 1745 and 1750 that cross couple the four output buffers

1735 and 1740 and the inclusion of the enable signals with a signal that drives the last set

1720 of the pass transistors of the eight-to-one multiplexer allow the eight-to-one multiplexer

1700 to act as multiple storage elements whenever the enable signals are active (which, in

this case, means whenever the enable signals are high). The operation of the multiplexer and

latches was described in relation to Figure 15 above.

In Figure 17, the transistors 1745 and 1750 are cross-coupled at the output stage of



the routing circuit. Alternatively, as further described in International publication No. WO

2010/033263, which is incorporated herein by reference, some embodiments place the cross-

coupled transistors 1745 and 1750 in the routing fabric to establish a configurable storage

element within the routing fabric outside of the routing multiplexer (such as multiplexer

1500).

In some embodiments (e.g., some embodiments that are not runtime reconfigurable),

the latch enable signal of Figures 16 or 17 (referred to as Config Data in Figure 16 and

ENABLE in Figure 17) is one configuration data bit for all clock cycles. In other

embodiments (e.g., some embodiments that are runtime reconfigurable), this enable signal

corresponds to multiple configuration data sets, with each set defining the operation of the

storage elements during differing clock cycles. These differing clock cycles might be

different user design clock cycles, or different sub-cycles of a user design clock cycle or

some other clock cycle.

B. Storage Elements at Input of Routing Circuit

Figure 18 illustrates a storage element 1805 at the input of a routing circuit 1800. In

some embodiments, the storage element 1805 is a latch that is built in or placed at the input

stage of a multiplexer 1820. In other embodiments, the latch 1805 is physically placed at the

output of another circuit 1810 (either at the output stage of circuit 1810 or within the routing

fabric outside of the routing multiplexer), or within the routing fabric of the IC, and is

directly connected to the input of the multiplexer 1820. The latch 1805 receives a latch enable

signal. When the latch enable signal is inactive, the circuit simply acts as a routing circuit. On

the other hand, when the latch enable signal is active, the circuit acts as a latch that holds the

value that an upstream circuit 1810 was previously outputting while the storage element 1805

was serving as a routing circuit. Accordingly, when the multiplexer 1820 is not being used to

route a changing input, or to select among inputs, the circuit 1800 can be used. By using the

circuit 1800 when the multiplexer 1820 is not being used for routing, the storage element

1805 eliminates bit flicker along the wire leading to the input of multiplexer 1820.

Additionally, in some embodiments, to conserve power, the routing multiplexer may select

the input 1830 where the latch 1805 has been placed, when the latch is enabled, which will

eliminate bit flicker at the output 1840 of the multiplexer 1820, and consequently, wiring

and/or any circuits connected to the output 1840 of the multiplexer 1820.

In some embodiments, the controls for the upstream circuit 1810, the storage element

1805, and the multiplexer 1820 are derived at least partly from configuration data storage of

the IC. In some embodiments, the data in the configuration data storage comes from memory



devices of an electronic device on which the IC is a component. In some embodiments (e.g.,

some embodiments that are not runtime reconfigurable), the configuration data storages store

one configuration data set (e.g., one bit or more than one bit) for all clock cycles. In other

embodiments (e.g., embodiments that are runtime reconfigurable and have runtime

reconfigurable circuits), the configuration data storages store multiple configuration data sets,

with each set defining the operations of the circuits 1810, 1805, and 1820 during different

clock cycles. These different clock cycles might be different user design clock cycles, or

different sub-cycles of a user design clock cycle or some other clock cycle. In other words,

the circuits 1810, 1805, and 1820 can be reconfigured to perform a different operation in

every clock cycle of a set (e.g., 3 or more) of consecutive clock cycles.

Figure 19 illustrates a circuit level implementation of a routing circuit 1900 having a

storage element at its input stage. The routing circuit 1900 has a latch 1920 that is placed at

the input of a multiplexer 1910. In this example, the latch 1920 is placed at input 5 1930 of

the multiplexer 1910. Alternatively, the latch could be routed to input 5 (or any other input)

through the routing fabric or another signal path (e.g., an interconnect circuit, pass transistor,

buffer, or wire). Likewise, the complementary output of the latch 1920 is placed at (or routed

to) complementary input 5 1940 of the multiplexer 1910. In this example, the selection of

input 5 1930 and complementary input 5 1940, the values stored in latch 1920 are carried

along paths 1950 and 1960 to the outputs of multiplexer 1910. By holding a value in latch

1920 and selecting the corresponding inputs 1930 and 1940, bit flicker at the outputs of the

multiplexer 1910 is eliminated (and at any circuits or wires connected to those outputs).

C. Storage Element in a Parallel Distributed Path

In some embodiments, the routing fabric includes parallel distributed paths (PDP). A

PDP receives includes two paths that both directly connect to a same output of a source

circuit and arrive at a same destination circuit. At least one of the two paths in a PDP includes

a configurable storage element. The destination circuit can switchably receive from either one

of the two paths in the PDP in any given clock cycle.

Figure 20 illustrates a routing fabric section 2000 that includes a parallel distributed

path (PDP). The routing fabric section 2000 performs routing and storage operations by

distributing an output signal of a routing circuit 2010 through a parallel distributed path to a

first input of a destination 2040, which in some embodiments might be (1) an input-select

circuit for a logic circuit, (2) a routing circuit, or (3) some other type of circuit. The PDP

includes a first path and a second path. In some embodiments, the first path 2020 of the PDP

directly connects the output of the routing circuit 2010 to the destination 2040 (i.e., the first



path 2020 is a direct connection that routes the output of the routing circuit directly to the

destination 2040).

In some embodiments, the second parallel path 2025 runs in parallel with the first

path 2020 and passes the output of the routing circuit 2010 through a controllable storage

element 2005, where the output may be optionally stored (e.g., when the storage element

2005 is enabled) before reaching a second input of the destination 2040. In some

embodiments, the connection between the circuit 2010 and storage element 2005 and the

connection between the storage element 2005 and the circuit 2040 are direct connections. The

storage operation of the controllable storage element is enabled by a configuration data set

2030.

Because of the second parallel path, the routing circuit 2010 of Figure 20 is used for

only one clock cycle to pass the output into the controllable storage element 2005. Therefore,

storage can be provided for during the same clock cycle in which the routing operation

occurs. Moreover, the PDP allows the output stage of the routing circuit 2010 to remain free

to perform routing operations (or a second storage operation) in subsequent clock cycles

while storage occurs.

Some embodiments require the second parallel path of a PDP to reach (i.e., connect)

to every destination that the first parallel path of the PDP reaches (i.e., connects). Some of

these embodiments allow, however, the second parallel path to reach (i.e., to connect)

destinations that are not reached (i.e., that are not connected to) by the first parallel path.

The controllable storage elements 2005 of Figure 20 controllably store the value

output from the routing circuit 2010. When the storage element 2005 is enabled (e.g.,

receives a high enable signal) by the set of configuration data 2030, the storage elements

2005 store the output of the routing circuit 2010. Storage may occur for multiple subsequent

clock cycles as determined by the set of configuration data 2030. During storage, alternate

output paths of the routing circuit 2010 remain unrestricted, therefore permitting the routing

fabric section 2000 to simultaneously perform routing and storage operations. For instance, at

a first clock cycle, the configuration data sets of the circuits 2005 and 2010 cause the routing

circuit 2010 to output one of its inputs and cause the storage element 2005 to store this output

of the routing circuit 2010. At a second clock cycle, the set of configuration data 2030 can

cause the routing circuit 2010 to output another value from the same or different input than

the input used in the first clock cycle, while the storage element 2005 continues storing the

previous output. The output of the routing circuit 2010 generated during the second clock

cycle is then routed to the destination 2040 via the first output path 2020 (which may also



include a storage element 2005 in some embodiments).

Some embodiments use a CMOS implementation to implement the storage element

2005 of Figure 20. In the CMOS implementation, the storage element 2005 includes a pair of

CMOS inverters and a pair of tri-state inverters that are controlled by an enable signal and its

complement. The CMOS implementation of the storage element 2005 is further described in

International publication No. WO 2010/033263, which is incorporated herein by reference.

In some embodiments, the configuration data set 2030 for the storage element 2005

come at least partly from configuration data storage of the IC. In addition, the controls for the

circuits 2010 and 2040 are derived at least partly from configuration data storage of the IC. In

some embodiments, the data in the configuration data storage comes from memory devices of

an electronic device on which the IC is a component. In some embodiments (e.g., some

embodiments that are not runtime reconfigurable), the configuration data storages store one

configuration data set (e.g., one bit or more than one bit) for all clock cycles. In other

embodiments (e.g., embodiments that are runtime reconfigurable and have runtime

reconfigurable circuits), the configuration data storages store multiple configuration data sets,

with each set defining the operations of the circuits 2005, 2010, and 2040 during different

clock cycles. These different clock cycles might be different user design clock cycles, or

different sub-cycles of a user design clock cycle or some other clock cycle. In other words,

the circuits 2005, 2010, and 2040 can be reconfigured to perform a different operation in

every clock cycle of a set (e.g., 3 or more) of consecutive clock cycles.

As shown in Figure 20, the routing operations of the routing circuit 2010 are

controlled by configuration data. In some embodiments (e.g., some embodiments that are not

runtime reconfigurable), this configuration data is one configuration data set for all clock

cycles. However, in other embodiments (e.g., some embodiments that are runtime

reconfigurable circuits), the configuration data includes multiple configuration data sets, each

set for defining the operation of the routing circuit 2010 during different clock cycles. The

different clock cycles might be different user design clock cycles, or different sub-cycles of a

user design clock cycle or some other clock cycle. U.S. Patent 7,342,415 discloses circuitry

for retrieving configuration data sets from configuration data storage in order to control the

operation of interconnects and storage elements.

While the above discussion has illustrated some embodiments of storage elements

applicable to a configurable IC, it should be apparent to one of ordinary skill in the art that

some embodiments of the storage elements and routing circuits are similarly applicable to a

reconfigurable IC. Therein, some embodiments of the invention implement the components



within Figure 20 with multiple sets of configuration data to operate on a sub-cycle

reconfigurable basis. For example, the storage elements for the sets of configuration data in

these figures (e.g., a set of memory cells, such as SRAM cells) can be modified to implement

switching circuits in some embodiments. The switching circuits receive a larger set of

configuration data that are stored internally within the storage elements of the switching

circuits. The switching circuits are controlled by a set of reconfiguration signals. Whenever

the reconfiguration signals change, the switching circuits supply a different set of

configuration data to the routing circuits, such as the multiplexers and the selectively enabled

storage elements within the routing fabric sections.

The sets of configuration data then determine the connection scheme that the routing

circuits 2010 of some embodiments use. Furthermore, the sets of configuration data

determine the set of storage elements for storing the output value of the routing circuits. This

modified set of switching circuits therefore adapts the routing fabric sections of Figure 20 for

performing simultaneous routing and storage operations within a sub-cycle reconfigurable IC.

While numerous storage element circuits have been described with reference to

numerous specific details, one of ordinary skill in the art will recognize that such circuits can

be embodied in other specific forms without departing from the spirit of the invention. For

instance, several embodiments were described above by reference to particular number of

circuits, storage elements, inputs, outputs, bits, and bit lines. One of ordinary skill will realize

that these elements are different in different embodiments. For example, routing circuits and

multiplexers have been described with n logical inputs and only one logical output, where n is

greater than one. However, it should be apparent to one of ordinary skill in the art that the

routing circuits, multiplexers, IMUXs, and other such circuits may include n logical inputs

and m logical outputs where m is greater than one. Some examples of storage element circuits

are further described in International publication No. WO 2010/033263, which is

incorporated herein by reference.

Moreover, though storage elements have been described with reference to routing

circuits (RMUXs), it will be apparent to one of ordinary skill in the art that the storage

elements might equally have been described with reference to input-select multiplexers such

as the interconnect circuits (IMUXs) described above. Similarly, the routing circuits

illustrated in the figures, such as the 8-to-l multiplexer of Figure 15, may alternatively be

described with reference to IMUXs.

The storage elements of some embodiments are state elements that can maintain a



state for one or more clock cycles (user-design clock cycles or sub-cycles). Therefore, when

storing a value, the storage elements of some embodiments output the stored value

irrespective of the value at its input. Even though some embodiments described above

showed storage functionality at the output stage of the RMUXs, one of ordinary skill in the

art will recognize that such functionality can be placed within or at the input stage of the

RMUXs or within or at the input stage of IMUXs. Similarly, the source and destination

circuits described with reference to the various figures can be implemented using IMUXs.

Thus, one of ordinary skill in the art would understand that the invention is not to be limited

by the foregoing illustrative details. Several additional configurable storage elements are

described in International publication No. WO 2010/033263, which is incorporated herein by

reference.

D. Hybrid Storage Elements

As mentioned above, the configurable routing fabric of some embodiments is formed

by configurable RMUXs 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 addition to these components, the routing

fabric of some embodiments further includes hybrid storage elements that can configurably

act either as non-transparent (i.e., clocked) storage elements or transparent configurable

storage elements.

Transparent storage elements have the advantage that signals can pass through them at

times other than sub-cycle boundaries. Long combinatorial paths with multiple transparent

storage elements can be strung together and signals can pass through them within a slow sub-

cycle period. In other words, spatial reach is longer for slower frequencies. Transparent

storage element also enables time borrowing, meaning that a signal that is passing through a

transparent storage element that is going to close in the next sub-cycle can continue to travel

past the transparent storage element during the current sub-cycle. Transparent storage

elements have the disadvantage that when used as synchronizers, closing and opening them

takes two sub-cycles, limiting signal bandwidth. Signals can only pass through every other

sub-cycle.

Non-transparent (clocked) storage elements, also called conduits, have the advantage

that signals can pass through every sub-cycle. Therefore signal bandwidth is double that of a

transparent storage element. Conduits have the disadvantage that they cannot be transparent.

Therefore spatial reach does not increase for slower frequencies for a path that includes

conduits. No matter how slow the frequency, the signal will stop at the conduit until the next



sub-cycle starts. For this same reason, time borrowing does not work with conduits. However,

conduits are considered cheaper than transparent storage elements because transparent

storage elements need one dynamic configuration memory bit. Conduits and clocked storage

elements will be further described in Section IV below.

Having hybrid storage elements that can be either non-transparent or transparent is

highly advantageous. For instance, such storage elements allow data to be stored every clock

cycle (or sub-cycle, configuration cycle, reconfiguration cycle, etc.). In addition, such storage

elements can be transparent to enable time borrowing as well as traveling longer distances at

slower clock rates. These hybrid storage elements may be placed within the routing fabric or

elsewhere on the IC.

In much of the discussion above, configurable storage elements that are either

transparent or non-transparent were introduced and described. In this section, we introduce

and describe hybrid storage elements. A hybrid storage element is one where either a clock

signal or a configuration signal directly drives the storage operation. So a hybrid storage

circuit necessarily changes either at transitions in the clock or by the state of supplied

configuration data. Thus the hybrid storage circuit can behave either in a more arbitrary

manner like a configurable storage element or in a more strict manner like a clocked storage

circuit.

In different embodiments, hybrid storage elements can be defined at different

locations in the routing fabric. Figures 21-26 illustrate several examples, though one of

ordinary skill in the art will realize that it is, of course, not possible to describe every

conceivable combination of components or methodologies for different embodiments of the

invention. One of ordinary skill in the art will recognize that many further combinations and

permutations of the invention are possible.

For some embodiments, Figure 21 illustrates a parallel distributed output path for

configurably providing a pair of transparent storage elements. Figure 21 illustrates a routing

fabric section (or routing circuit) 2100 that performs routing and storage operations by

distributing an output signal of a source circuit 2110 through a parallel path to inputs of a

sub-cycle reconfigurable output multiplexer 2120. The output multiplexer 2120 in turn feeds

one or more destination circuits (not illustrated) in the routing fabric (e.g., RMUX) and/or in

the configurable tiles (e.g., LUTs).

The parallel path includes a first path 2125 and a second path 2130. The routing fabric

section 2100 is called YMUX in some embodiments. In other words, the reconfigurable

transparent storage elements 2135 and 2140, along with their parallel paths and the output



multiplexer 2120 are referred to as a YMUX 2100 in some embodiments. In some

embodiments, the source circuit 2 110 is an RMUX. In some embodiments, RMUXs and

YMUXs are paired to form routing resources, such as micro-level fabric as further described

below by reference to Figure 66.

In some embodiments, the first path 2125 passes the output of the source circuit 2 110

through a configurable storage element 2135, where the output may be optionally stored (e.g.,

when the storage element 2135 is enabled) before reaching a first input of the output

multiplexer 2120. In some embodiments, the connection between the source circuit 2 110 and

the storage element 2135 and the connection between the storage element 2135 and the

output multiplexer 2120 are direct connections.

In some embodiments, the second path 2130 runs in parallel with the first path 2125

and passes the output of the source circuit 2 110 through a configurable storage element 2140,

where the output may be optionally stored (e.g., when the storage element 2140 is enabled)

before reaching a second input of the output multiplexer 2120. In some embodiments, the

connection between the source circuit 2 110 and the storage element 2140 and the connection

between the storage element 2140 and the output multiplexer 2120 are direct connections. In

some embodiments, one or more of the connections between circuits 2 110, 2135, 2140, and

2120 are configurable connections.

The same configuration bit 2145 controls both storage elements 2135 and 2140. The

configuration bit 2145 controls storage element 2135 while the inverted version of the

configuration bit 2145 controls storage element 2140. As a result, when one of the storage

elements 2135 and 2140 is enabled (closed or storing a signal), the other one is disabled

(open or passing a signal), and vice versa. A configuration bit 2150 selects either the first

path 2125 or the second path 2130 as the output of output multiplexer 2120.

The routing fabric section 2100 can behave like a transparent storage element when

the output multiplexer 2120 selects a path with an open storage element as input. This enables

time borrowing by allowing signals to travel longer distance at slower clock rates. The

routing fabric section 2100 can also behave like a conduit by selecting the input from a closed

storage element and switching the configuration bits 2145 and 2150 simultaneously. It acts

like a double edge triggered (DET) flip-flop.

The output multiplexer 2120 is illustrated as a 2:1 multiplexer requiring only one

configuration bit. However, in some embodiments, the output multiplexer 2120 receives two

or more configuration bits for selecting from among three or more paths.

In some embodiments, the configuration data 2145 and 2150 come at least partly from



configuration data storage of the IC. In addition, the controls for the circuit 2 110 are also

derived at least partly from configuration data storage of the IC. In some embodiments, the

data in the configuration data storage comes from memory devices of an electronic device on

which the IC is a component. In some embodiments (e.g., some embodiments that are not

runtime reconfigurable), the configuration data storages store one configuration data set (e.g.,

one bit or more than one bit) for all clock cycles. In other embodiments (e.g., embodiments

that are runtime reconfigurable and have runtime reconfigurable circuits), the configuration

data storages store multiple configuration data sets, with each set defining the operations of

the circuits 2 110, 2120, 2135, and 2140 during different clock cycles. These different clock

cycles might be different user design clock cycles, or different sub-cycles of a user design

clock cycle or some other clock cycle. In other words, the circuits 2 110, 2120, 2135, and

2140 can be reconfigured to perform a different operation in every clock cycle of a set (e.g., 3

or more) of consecutive clock cycles.

Figure 22 presents an example circuit implementation 2200 of the routing fabric

section 2100 of Figure 21. As shown in this figure, the circuit 2200 includes (1) a source

circuit 2210, (2) an output multiplexer 2220, (3) tri-state inverters 2225 and 2230, (4) a first

inverter pair 2235, (5) a first transmission gate 2240, (6) a first pair of NAND gates 2245 and

2250, (7) a second transmission gate 2255, (8) a second pair of NAND gates 2260 and 2265,

(9) a second inverter pair 2270, and (10) a delay chain 2285. The source circuit 2210 can be a

routing multiplexer (RMUX) or a LUT in some embodiments.

The sections 2275 and 2280 implement the configurable storage elements 2135 and

2140 on the two paths of circuit 2100 of Figure 21. Specifically, the configurable storage

element 2135 of Figure 21 is implemented via the tri-state inverter 2225, the first

transmission gate 2240, and the first pair of NAND gates 2245 and 2250. Similarly, the

configurable storage element 2140 of Figure 21 is implemented via the tri-state inverter

2230, the second transmission gate 2255, and the second pair of NAND gates 2260 and 2265.

In section 2275, the tri-state inverter 2225 drives the output of the source circuit 2210

to one of the inputs of NAND gate 2250, which in turn drives it to NAND gate 2245. The

NAND gate 2250 has another input that is driven by an active-low set signal, while the

NAND gate 2245 has another input that is driven by an active low reset signal. The NAND

gate 2245 in turn drives the transmission gate 2240. The output of transmission gate 2240

shares the same wire as the output of tri-state inverter 2225 to form an input of the NAND

gate 2250.

The first inverter pair 2235 supplies the original and the negative value of a



configuration signal Ci to the circuits in sections 2275 and 2280. The transmission gate 2240

is enabled by the configuration signal d - When the signal is high, the transmission gate

2240 conducts current. When the signal is low, the transmission gate 2240 is in high

impedance state, effectively removing the output from the transmission gate 2240. The

negative value of configuration signal Ci controls tri-state inverter 2225. When the signal Ci

is low, the tri-state inverter 2225 is turned on. When the signal Ci is high, the tri-state inverter

2225 is turned off.

Because the configuration signal Ci enables the transmission gate 2240 while the

inverted version of the configuration signal enables tri-state inverter 2225, the

transmission gate 2240 and the tri-state inverter 2225 will not conduct current at the same

time.

The section 2275 includes a storage element that is controlled by set and reset signals.

When the set and reset signals are both high (i.e., de-asserted, since set and reset are both

active low signals in this example), whatever value comes in as input of NAND gate 2250

will reach the input of transmission gate 2240. So for the configurable storage element in

section 2275 to function normally (i.e., storing or passing signals from source to destination),

the set and reset signals must remain high (i.e, inactive).

In section 2280, the tri-state inverter 2230 drives the output of the source circuit 22 10

to one of the inputs of NAND gate 2265, which in turn drives it to NAND gate 2260. The

NAND gate 2265 has another input that is driven by an active-low set signal, while the

NAND gate 2260 has another input that is driven by an active-low reset signal. The NAND

gate 2260 in turn drives the transmission gate 2255. The output of transmission gate 2255

shares the same wire as the output of tri-state inverter 2230 to form an input of the NAND

gate 2265.

The transmission gate 2255 is enabled by the negative value of configuration signal

Ci. When the signal Ci is low, the transmission gate 2255 conducts current. When the signal

Ci is high, the transmission gate 2255 is in high impedance state, effectively removing the

output from the transmission gate 2255. The original value of configuration signal controls

tri-state inverter 2230. When the signal d is high, the tri-state inverter 2230 is turned on.

When the signal d is low, the tri-state inverter 2230 is turned off.

Because the inverted version of the configuration signal d enables the transmission

gate 2255 while the configuration signal d enables tri-state inverter 2230, the transmission

gate 2255 and the tri-state inverter 2230 will not conduct current at the same time.

The section 2280 also includes a storage element that is controlled by set and reset



signals. When the set and reset signals are both high (i.e., de-asserted, since set and reset are

both active low signals in this example), whatever value comes in as input of NAND gate

2265 will reach the input of transmission gate 2255. So for the configurable storage element

in section 2280 to function normally (i.e., storing or passing signals from source to

destination), the set and reset signals must remain high.

When the configuration signal Ci is changed to high, the tri-state inverter 2230 is

enabled while the transmission gate 2255 is disabled. At the same time, the tri-state inverter

2225 is disabled while the transmission gate 2240 is enabled. As a result, the current output

of the source circuit 2210 passes transparently through the circuit section 2280 and drives one

input of the output multiplexer 2220, while the previous output (the one before turned

high) of the source circuit 22 10 is stored in the configurable storage element in section 2275

and drives another input of the output multiplexer 2220.

Similarly, when the configuration signal C i is changed to low, the tri-state inverter

2225 is enabled while the transmission gate 2240 is disabled. At the same time, the tri-state

inverter 2230 is disabled while the transmission gate 2255 is enabled. As a result, the current

output of the source circuit 2210 passes transparently through the circuit section 2275 and

drives one input of the output multiplexer 2220, while the previous output (the one before

turned low) of the source circuit 22 10 is stored in the configurable storage element in section

2280 and drives another input of the output multiplexer 2220.

The output multiplexer 2220 is a 2:1 multiplexer. A configuration signal C2 is

supplied by the second inverter pair 2270 and controls the output of the output multiplexer

2220. The output of the output multiplexer 2220 is either the current output of the source

circuit 2210 passed transparently through one of the configurable storage elements, or the

previous output of the source circuit 2210 stored in another configurable storage element.

It will be evident to one of ordinary skill in the art that the various components and

functionality of Figure 22 may be implemented differently without diverging from the

essence of the invention. For example, other implementations of a latch may replace the

configurable storage elements described in sections 2275 and 2280.

In some ICs, the rising edge of the configuration signal is slower than its falling

edge. For those ICs, closing the configurable storage element in section 2275 or 2280 on the

rising edge of configuration signal Ci will cause a hold time violation because the output of

the source circuit 2210 would have already changed before the rising edge of Ci.

Unfortunately, at any given time, one of the configurable storage elements in sections 2275

and 2280 will close on the rising edge of configuration signal . In order to mitigate the



potential hold time violation, a delay chain (e.g., one that includes one or more inverters) is

inserted in some embodiments into the data path between the output of the source circuit

2 10 and the inputs to tri-state inverters 2225 and 2230. In some embodiments, instead of

inserting a delay chain into the data path following the output of the source circuit 2210, a

delay chain 2285 is inserted into the configuration retrieval circuitry of the source circuit

2210.

Figure 23 illustrates a parallel distributed output path for configurably providing a

pair of transparent storage elements that are control by different set of configuration data.

Figure 23 illustrates a routing fabric section 2360 that performs routing and storage

operations by distributing an output signal of a source circuit 2310 through a PDP to a first

input of an output multiplexer 2340. The source circuit 2310 can be a routing multiplexer

(RMUX) or a LUT in some embodiments. The output multiplexer 2340 in turn feeds one or

more destination circuits (not illustrated) in the routing fabric (e.g., RMUX) and/or in the

configurable tiles (e.g., LUTs).

The PDP includes a first path and a second path. The first path 2320 of the PDP

passes the output of the source circuit 2310 through a reconfigurable transparent storage

element 2305, where the output may be optionally stored (e.g., when the storage element

2305 is enabled) before reaching a first input of the destination 2340. The storage operation

of the controllable storage element 2305 is controlled by a set of configuration data 2330. The

second path 2325 of the PDP passes the output of the source circuit 2310 through a second

reconfigurable transparent storage element 2306, where the output may be optionally stored

(e.g., when the storage element 2306 is enabled) before reaching a second input of the

destination 2340. The storage operation of the controllable storage element 2306 is controlled

by a set of configuration data 233 1. In some embodiments, the connection between the source

circuit 2310 and storage elements 2305 and the connection between the storage elements

2305 and the circuit 2340 are direct connections.

The output multiplexer 2340 is illustrated as a 2:1 multiplexer requiring only one

configuration bit. However, in some embodiments, the output multiplexer 2340 receives two

or more configuration bits for selecting from among three or more paths.

The routing fabric section 2360 is also referred to as YMUX in some embodiments. In

other words, the reconfigurable transparent storage elements 2305 and 2306, along with their

parallel paths and the output multiplexer 2340 are referred to as a YMUX 2360 in some

embodiments. In some embodiments, the source circuit 2310 is an RMUX. In some

embodiments, RMUXs and YMUXs are paired to form routing resources, such as micro-level



fabric as further described below by reference to Figure 66.

As illustrated, the operations of the storage element 2305, 2306, the output

multiplexer 2340, and the source circuit 2310 are controlled by configuration signals derived

at least partly from configuration data storage of the IC such as 2330 and 2331. In some

embodiments, the data in the configuration data storage comes from memory devices of an

electronic device on which the IC is a component. In some embodiments (e.g., some

embodiments that are not runtime reconfigurable), the configuration data storages store one

configuration data set (e.g., one bit or more than one bit) for all clock cycles. In other

embodiments (e.g., embodiments that are runtime reconfigurable and have runtime

reconfigurable circuits), the configuration data storages store multiple configuration data sets,

with each set defining the operations of the circuits 2305, 2306, 2340, and 2310 during

different clock cycles. These different clock cycles might be different user design clock

cycles, or different sub-cycles of a user design clock cycle or some other clock cycle. In other

words, the circuits 2305, 2306, 2340, and 2310 can be reconfigured to perform a different

operation in every clock cycle of a set (e.g., 3 or more) of consecutive clock cycles.

Unlike the routing fabric section 2100 of Figure 21 in which the same configuration

bit 2145 controls both storage elements 2135 and 2140 in the two parallel paths, the two

storage elements 2305 and 2306 in the routing fabric section 2360 are independently

controlled by different sets of configuration data 2330 and 2331. The two sets of

configuration data 2330 and 2331 can be inverted version of each other such that the routing

fabric section would behave like the fabric section 2100. The two sets of configuration data

2330 and 2331 can also be independent of each other such that the storage operations of the

storage element 2305 are independent of the storage element 2306. For example the storage

elements 2305 can store a first output signal from the source circuit 2310 while the storage

element 2306 can simultaneously store a second output signal from the source circuit 2310.

Some embodiments include a bypass path such the routing fabric section can pass a

signal without having to go through a transparent storage element. For some of these

embodiments, Figure 24 illustrates an example routing fabric section (or routing circuit)

2400 that performs routing and storage operations by distributing an output signal of a source

circuit 2410 through three parallel paths to inputs of a sub-cycle reconfigurable 3:1 output

multiplexer 2420. The output multiplexer 2420 in turn feeds one or more destination circuits

(not illustrated) in the routing fabric (e.g., RMUX) and/or in the configurable tiles (e.g.,

LUTs). The routing fabric section 2400 is called an MMUX in some embodiments. The

source circuit 2410 can be a routing multiplexer (RMUX) or LUT in some embodiments.



The first path 2435 passes the output of the source circuit 2410 directly to a first input

of the output multiplexer 2420. In some embodiments, the connection between the source

circuit 24 10 and the output multiplexer 2420 is a direct connection.

The second path 2440 runs in parallel with the first path 2435 and passes the output of

the source circuit 2410 through a configurable storage element 2425, where the output may

be optionally stored (e.g., when the storage element 2425 is enabled) before reaching a

second input of the output multiplexer 2420. In some embodiments, the connection between

the source circuit 24 10 and the storage element 2425 and the connection between the storage

element 2425 and the output multiplexer 2420 are direct connections.

The third path 2445 runs in parallel with the first and second paths 2435 and 2440,

and passes the output of the source circuit 2410 through a configurable storage element 2430,

where the output may be optionally stored (e.g., when the storage element 2430 is enabled)

before reaching a third input of the output multiplexer 2420. In some embodiments, the

connection between the source circuit 2410 and the storage element 2430 and the connection

between the storage element 2430 and the output multiplexer 2420 are direct connections. In

some embodiments, one or more of the connections between circuits 2410, 2425, 2430, and

2420 are configurable connections.

A first configuration bit C i 2450 controls both storage element 2425 and 2430.

However, the original value of configuration bit 2450 controls storage element 2425 while

the negative value of it controls storage element 2430. As a result, when one of the storage

elements 2425 and 2430 is enabled (closed), the other one is disabled (open), and vice versa.

A second configuration bit C 2 2460 together with the first configuration bit Ci controls the

selection of inputs of the output multiplexer 2420. In some embodiments, the XOR of

configuration bits Ci and C2 select one of the three inputs from the first path 2435, the second

path 2440, and the third path 2445 as the output of output multiplexer 2420.

The routing fabric section 2400 acts as a transparent storage element when the output

multiplexer 2420 selects an input from an open storage element. This will enable time

borrowing by allowing signals to travel longer distance at slower clock rates. When the

output multiplexer 2420 selects an input from the bypass path 2435, the routing fabric section

2400 behave as a transparent wire. In some embodiments, when the configuration bit 2450

and C 2 2460 are different (i.e., the select signal 2455 is high), the input from first parallel

path 2435 will be selected as the output of the output multiplexer 2420. When the select

signal 2455 is low, the configuration signal C2 2460 will selects one of the inputs from the

second path 2440 and the third path 2445 that has a closed storage element as the output of



the output multiplexer 2420. When the output multiplexer 2420 selects a closed storage

element and switching the configuration signals 2450 and C2 2460 simultaneously, the

routing fabric section 2400 acts as a double edge triggered (DET) flip-flop.

The output multiplexer 2420 is illustrated as a 3:1 multiplexer requiring two

configuration bit. However, in some embodiments, the output multiplexer 2420 receives two

or more configuration bits for selecting from among four or more paths.

In some embodiments, the configuration bit C i 2450 and C2 2460 are derived at least

partly from configuration data storage of the IC. In addition, the controls for the circuit 2410

are also derived at least partly from configuration data storage of the IC. In some

embodiments, the data in the configuration data storage comes from memory devices of an

electronic device on which the IC is a component. In some embodiments (e.g., some

embodiments that are not runtime reconfigurable), the configuration data storages store one

configuration data set (e.g., one bit or more than one bit) for all clock cycles. In other

embodiments (e.g., embodiments that are runtime reconfigurable and have runtime

reconfigurable circuits), the configuration data storages store multiple configuration data sets,

with each set defining the operations of the circuits 2410, 2420, 2425, 2430 during different

clock cycles. These different clock cycles might be different user design clock cycles, or

different sub-cycles of a user design clock cycle or some other clock cycle. In other words,

the circuits 2410, 2420, 2425, 2430 can be reconfigured to perform a different operation in

every clock cycle of a set (e.g., 3 or more) of consecutive clock cycles.

For some embodiments, Figure 25 illustrates an example implementation of the

routing fabric section 2400 of Figure 24. As shown in this figure, the circuit 2500 includes

(1) a source circuit 2510, (2) a 3:1 output multiplexer 2520, (3) tri-state inverters 2525 and

2530, (4) a first inverter pair 2535, (5) a first transmission gate 2540, (6) a first pair of NAND

gates 2545 and 2550, (7) a second transmission gate 2555, (8) a second pair of NAND gates

2560 and 2565, (9) a second inverter pair 2570, (10) an inverter 2588, (11) an XOR gate

2590, (12) a direct connection 2595, and (13) a delay chain 2596. In some embodiments, the

source circuit 2510 can be a routing multiplexer (RMUX) or a LUT.

The sections 2575 and 2580 implement the configurable storage elements 2425 and

2430 on the second and third paths of circuit 2400 of Figure 24. Specifically, the

configurable storage element 2425 of Figure 24 is implemented via the tri-state inverter

2525, the first transmission gate 2540, and the first pair of NAND gates 2545 and 2550.

Similarly, the configurable storage element 2430 of Figure 24 is implemented via the tri-state

inverter 2530, the second transmission gate 2555, and the second pair of NAND gates 2560



and 2565.

In the section 2575, the tri-state inverter 2525 drives the output of the source circuit

2510 to one of the inputs of NAND gate 2550, which in turn drives it to NAND gate 2545.

The NAND gate 2550 has another input that is driven by an active-low set signal, while the

NAND gate 2545 has another input that is driven by an active-low reset signal. The NAND

gate 2545 in turn drives the transmission gate 2540. The output of transmission gate 2540

shares the same wire as the output of tri-state inverter 2525 to form an input of the NAND

gate 2550.

The first inverter pair 2535 supply the original and the negative value of a

configuration signal Ci to the circuits in sections 2575 and 2580. The transmission gate 2540

is enabled by the configuration signal . When the signal is high, the transmission gate

2540 conducts current. When the signal is low, the transmission gate 2540 is in high

impedance state, effectively removing the output from the transmission gate 2540. The

negative value of configuration signal Ci controls tri-state inverter 2525. When the signal Ci

is low, the tri-state inverter 2525 is turned on. When the signal Ci is high, the tri-state inverter

2525 is turned off.

Because the original value of Ci enables the transmission gate 2540 while the

negative value of enables tri-state inverter 2525, the transmission gate 2540 and the tri-

state inverter 2525 will not conduct current at the same time.

The section 2575 includes a storage element that is controlled by set and reset signals.

When the set and reset signals are both high (i.e., de-asserted, since set and reset are both

active low signals in this example), whatever value comes in as input of NAND gate 2550

will reach the input of transmission gate 2540. So for the configurable storage element in

section 2575 to function normally (i.e., storing or passing signals from source to destination),

the set and reset signals must remain high (i.e., inactive).

In section 2580, the tri-state inverter 2530 drives the output of the source circuit 2510

to one of the inputs of NAND gate 2565, which in turn drives it to NAND gate 2560. The

NAND gate 2565 has another input that is driven by an active low set signal, while the

NAND gate 2560 has another input that is driven by an active low reset signal. The NAND

gate 2560 in turn drives the transmission gate 2555. The output of transmission gate 2555

shares the same wire as the output of tri-state inverter 2530 to form an input of the NAND

gate 2565.

The transmission gate 2555 is enabled by the negative value of configuration signal

Ci. When the signal Ci is low, the transmission gate 2555 conducts current. When the signal



C i is high, the transmission gate 2555 is in high impedance state, effectively removing the

output from the transmission gate 2555. The original value of configuration signal controls

tri-state inverter 2530. When the signal is high, the tri-state inverter 2530 is turned on.

When the signal Ci is low, the tri-state inverter 2530 is turned off.

Because the negative value of Ci enables the transmission gate 2555 while the

original value of C i enables tri-state inverter 2530, the transmission gate 2555 and the tri-

state inverter 2530 will not conduct current at the same time.

The section 2580 also includes a storage element that is controlled by set and reset

signals. When the set and reset signals are both high (i.e., de-asserted, since set and reset are

both active low signals in this example), whatever value comes in as input of NA D gate

2565 will reach the input of transmission gate 2555. So for the configurable storage element

in section 2580 to function normally (i.e., storing or passing signals from source to

destination), the set and reset signals must remain high.

When the configuration signal Ci is changed to high, the tri-state inverter 2530 is

enabled while the transmission gate 2555 is disabled. At the same time, the tri-state inverter

2525 is disabled while the transmission gate 2540 is enabled. As a result, the current output

of the source circuit 2510 passes transparently through the circuit section 2580 and drives one

input of the output multiplexer 2520, while the previous output (the one before turned

high) of the source circuit 2510 is stored in the configurable storage element described by

section 2575 and drives another input of the output multiplexer 2520.

Similarly, when the configuration signal C i is changed to low, the tri-state inverter

2525 is enabled while the transmission gate 2540 is disabled. At the same time, the tri-state

inverter 2530 is disabled while the transmission gate 2555 is enabled. As a result, the current

output of the source circuit 2510 passes transparently through the circuit section 2575 and

drives one input of the output multiplexer 2520, while the previous output (the one before

turned low) of the source circuit 2510 is stored in the configurable storage element described

by section 2580 and drives another input of the output multiplexer 2520.

The output multiplexer 2520 is a 3:1 multiplexer that includes four tri-state inverters

2582-2586. The second inverter pair 2570 supply a configuration signal C2 to the output

multiplexer 2520. The original value of C2 enables the tri-state inverter 2582 while the

negative value of C 2 enables the tri-state inverter 2583. So at any given time, only one of the

tri-state inverters 2582 and 2583 is enabled to pass its value on. This circuit in effect selects

either the input from section 2575 or the input from section 2580 and passes it to the next tri-

state inverter 2586.



The inverter 2588 and the XOR gate 2590 supply a configuration signal C2 to the

output multiplexer 2520. The original value of C2 enables the tri-state inverter 2585

while the negative value of C 2 enables the tri-state inverter 2586. So at any given time,

only one of the tri-state inverters 2585 and 2586 is enabled to pass its value on. When the

value of C i C2 is high, the input from the bypass wire 2595 is selected as the output of

multiplexer 2520. When the value of C2 is low, the input selected by configuration

signal C2 is passed on as the output of multiplexer 2520. By design, when the value of C i

C2 is low (i.e., when configuration signals C i and C 2 have the same value), the input

selected by C2 will be the one coming from a closed storage element, not the one from the

transparent storage element. The bypass path 2595, when selected, makes the circuit 2500 act

as a transparent wire.

It will be evident to one of ordinary skill in the art that the various components and

functionality of Figure 25 may be implemented differently without diverging from the

essence of the invention. For example, other implementations of a latch may replace the

configurable storage elements described in sections 2575 and 2580.

In some ICs, the rising edge of the configuration signal is slower than its falling

edge. For those ICs, closing the configurable storage element in section 2575 or 2580 on the

rising edge of configuration signal will cause a hold time violation because the output of

the source circuit 2510 would have already changed before the rising edge of C .

Unfortunately, at any given time, one of the configurable storage elements in sections 2575

and 2580 will close on the rising edge of configuration signal Ci. In order to mitigate the

potential hold time violation, a delay chain (e.g., one that includes one or more inverters) is

inserted in some embodiments into the data path between the output of the source circuit

2510 and the inputs to tri-state inverters 2525 and 2530. In some embodiments, instead of

inserting a delay chain into the data path following the output of the source circuit 2510, a

delay chain 2596 is inserted into the configuration retrieval circuitry of the source circuit

2510.

Generally speaking, hold time problems can arise between a configurable transparent

(or hybrid) storage element and its source or destination circuit (e.g., the RMUX that feeds it

or the output multiplexer that receives the output of the storage element) if the configuration

data retrieval path for the transparent/hybrid storage elements does not provide sufficient

timing margins for its source or destination circuits. In order to mitigate possible hold time

problems between transparent (or hybrid) storage elements and their source or destination



circuits for routing fabric sections described throughout this section, some embodiments

insert different timing delays in different configuration data retrieval paths.

Figure 26 illustrates an example circuit 2600 in which different delays are introduced

at different configuration data retrieval paths. As shown in this figure, the circuit 2600

includes a source multiplexer 2610, a destination multiplexer 2620, a first configurable

storage element 2625, and a second configurable storage element 2630. The source

multiplexer 2610 receives its configuration data through a configuration retrieval path 2635

that includes a delay element 2665. The configurable storage elements 2625 and 2630 receive

their configuration bit through a configuration retrieval path 2640 that includes a delay

element 2670. The destination multiplexer 2620 receives its configuration bit through a

configuration retrieval path 2645 that includes a delay element 2675.

To ensure that signals coming from the source multiplexer 2610 have sufficient hold

time at the configurable storages 2625 and 2630, some embodiments make the configuration

retrieval path 2635 slower than the configuration retrieval path 2640. In order to further

ensure that the outputs of the first and second configurable storage elements 2625 and 2630

have sufficient hold time at the destination multiplexer 2620, some embodiments make the

configuration retrieval path 2640 slower than the configuration retrieval path 2645. In some

embodiments, the desired relative delay between the different configuration retrieval paths

2635, 2640, and 2645 is accomplished by insertion of delay elements (e.g., inverters) in these

paths. Specifically, the configuration retrieval path 2635 have delay element 2665 that is

longer than the delay element 2670 of the configuration retrieval path 2660. Thus the

configuration retrieval path 2635 is slower than the configuration retrieval path 2640.

Similarly, and the configuration retrieval path 2640 have delay element 2670 that is longer

than the delay element 2675 of the configuration retrieval path 2645. Thus the configuration

retrieval path 2640 is slower than the configuration retrieval path 2645.

It will be evident to one of ordinary skill in the art that the principle illustrated in

Figure 26 may be applied to different types of hybrid storage elements such as those

described above by reference to Figures 12-25 without diverging from the essence of the

invention. For example, to ensure that signals having sufficient hold time at the configurable

storage elements 2425 and 2430 and the output multiplexer 2420 as illustrated in Figure 24,

some embodiments of the routing fabric section 2400 have configuration retrieval path for the

source circuit 2410 that is slower than the configuration retrieval path for the configurable

storage elements 2425 and 2430, which is made slower than the configuration retrieval path

for the output multiplexer 2420. Similarly, to ensure that signals having sufficient hold time



at the destination circuit 3820 as illustrated in Figure 38, some embodiments of the routing

fabric section 3800 have configuration retrieval path 3870 for the source circuit 3810 (which

can be a RMUX) that is slower than the configuration retrieval path 3875 for the output

multiplexer circuit 3820.

The operations of various types of interconnect circuits (e.g., RMUXs) and storage

circuits (e.g, PDPs, YMUXs and MMUXs) discussed above by reference by Figures 13-26

are determined by configuration data or configuration bits. In some embodiments, the

configuration data or configuration bits come at least partly from configuration data storage

of the IC. In some embodiments, the data in the configuration data storage comes from

memory devices of an electronic device on which the IC is a component. In some

embodiments (e.g., some embodiments that are not runtime reconfigurable), the configuration

data storages store one configuration data set (e.g., one bit or more than one bit) for all clock

cycles. In other embodiments (e.g., embodiments that are runtime reconfigurable and have

runtime reconfigurable circuits), the configuration data storages store multiple configuration

data sets, with each set defining the operations of the storage elements, source circuits, and

output multiplexers during differing clock cycles. These differing clock cycles might be

different user design clock cycles, or different sub-cycles of a user design clock cycle or

some other clock cycle.

IV. CLOCKED STORAGE ELEMENTS WITHIN THE ROUTING FABRIC

As mentioned above, the configurable routing fabric of some embodiments is formed

by configurable RMUXs 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 addition to these components, the routing

fabric of some embodiments further includes non-transparent (i.e., clocked) storage elements,

also referred to as "conduits." Although the examples shown below are all driven by clock

signals, one of ordinary skill in the art will also recognize that the clocked storage elements

can also be driven otherwise (e.g., by configuration data, user data, etc.).

Having clocked storage elements is highly advantageous. For instance, such storage

elements allow data to be stored every clock cycle (or sub-cycle, configuration cycle,

reconfiguration cycle, etc.). In addition, new data may be stored at the input during the same

clock cycle that stored data is presented at the output of the storage element. These clocked

storage elements may be placed within the routing fabric or elsewhere on the IC.

In much of the discussion above, transparent or hybrid storage elements driven by

configuration data were introduced and described. In this section, we introduce and describe



clocked storage elements. A clocked storage element is one where a clock signal directly

drives the storage operation, whereas a transparent or hybrid storage element is one where the

configuration signal directly drives the storage operation. In some cases a transparent or

hybrid storage element is synchronous with the clock because the configuration data is

received synchronously with the clock. However, a clocked storage circuit necessarily

changes at transitions in the clock, whereas, with a transparent or hybrid storage circuit, the

transitions are driven by the state of supplied configuration data. Thus, in many cases a

transparent or hybrid storage circuit can change its output when its configuration data is held

constant (i.e., when a latch is configured to operate in pass-through mode and its input is

changing). Configuration data may be maintained differently for different sequences of

configuration cycles. Thus the transparent or hybrid storage circuit can behave in a more

arbitrary manner than a clocked storage circuit.

In addition, some embodiments discussed below use a hybrid of clock and

configuration signals. These are called either a "hybrid conduit" or a "programmable

conduit", because their storage operations are directly driven both by a clock signal and

configuration signal.

Figure 27A illustrates different examples of clock and configuration data signals

2700 that may be used to drive circuits described herein. As shown, a typical clock signal

2705 is periodic. Thus, the clock signal continuously repeats the pattern of one period 2710,

which, typically, has one rising edge 2715 and one falling edge 2720 of the clock signal. In

addition, a clock signal typically has a duty cycle of 50% (i.e., the clock is at logic high for

50% of its period and logic low for 50% of the period). In contrast, the example configuration

data signals 2725-2733 may or may not be periodic, may have multiple rising and falling

edges during any identified period or cycle, and do not typically have any particular duty

cycle.

For instance, the configuration signal 2725 is an example of a four-loopered

configuration, inasmuch as the signal repeats every four clock cycles (i.e., the configuration

signal 2725 is periodic, with a period of four clock cycles 2726). However, as shown, the

signal has multiple rising 2715 and falling 2720 edges in one cycle (two of each in this

example), and its duty cycle is not 50% in this example. The example configuration signal

2727 is simply at a logic high level for the entire period of operation illustrated by Figure

27A. Thus, the configuration signal 2727 is not periodic, and does not transition from either

high to low or low to high in this example. Likewise, the configuration signal 2729 is not

periodic, and also does not transition during the period of operation shown in the example of



Figure 27A, however this signal is at a logic low instead of a logic high

In other cases, configuration data may not be periodic (i.e., repeating) at all. For

example, the signal 273 1 does not repeat during the period of operation illustrated in Figure

27A. In some instances the configuration data may repeat, as in the four-loopered example

2725 described above. However, in other cases, the configuration data provided to the storage

element (or other circuit) may be based on computations, user data, or other factors, that

cause the configuration data to be non-repeating. Finally, as illustrated by the signal 2733,

configuration data does not necessarily have to correspond to changes in the clock signal.

Although in many cases configuration data will be provided in relation to a clock signal, the

configuration data is not required to be synchronous with the clock in order to operate the

configurable circuits described herein.

One of ordinary skill in the art will recognize that Figure 27A is provided for

descriptive purposes only, and does not depict any particular clock or configuration signals.

Nor does Figure 27A show accurate setup and hold times, rise and fall time requirements,

etc.

Figure 27B illustrates the operations of clocked storage elements within the routing

fabric of a configurable IC. In Figure 27B, a component 2750 is outputting a signal for

processing by component 2760 at clock cycle 3. Therefore, the signal from 2790 must be

stored until clock cycle 3. Hence, the signal is stored within the storage element 2790 located

within the routing fabric. By storing the signal from 2750 within the routing fabric during

clock cycles 1 and 2, components 2750 and 2760 remain free to perform other operations

during this time period. At clock cycle 2, component 2780 is outputting a signal for

processing by component 2770 at clock cycle 4. At clock cycle 2, storage element 2790 is

storing the value received at clock cycle 1, and receiving a value from component 2780 for

storage as well.

At clock cycle 3, 2760 is ready to receive the first stored signal (from cycle 1) and

therefore the storage element 2790 passes the value. At clock cycle 3, storage element 2790

continues to store the value received in clock cycle 2. Further, at clock cycle 3, storage

element 2790 receives a value from component 2770 for future processing. At clock cycle 4,

component 2730 is ready to receive the second stored signal (from clock cycle 2) and

therefore the storage element 2790 passes the value. Further, at clock cycle 4, storage element

2790 continues to store the value received during clock cycle 3, while also receiving a new

value from component 2760. It should be apparent to one of ordinary skill in the art that the

clock cycles of some embodiments described above could be either (1) sub-cycles within or



between different user design clock cycles of a reconfigurable IC, (2) user-design clock

cycles, or (3) any other clock cycle.

Figure 28 illustrates several examples of different types of controllable storage

elements 2830-2860 that can be located throughout the routing fabric 2810 of a configurable

IC. Each storage element 2830-2860 stores a series of output signals from a source

component or components that are to be routed through the routing fabric to some destination

component or components.

As illustrated in Figure 28, outputs are generated from the circuit elements 2820. The

circuit elements 2820 are configurable logic circuits (e.g., 3-input LUTs and their associated

IMUXs as shown in expansion 2805), while they are other types of circuits in other

embodiments. In some embodiments, the outputs from the circuit elements 2820 are routed

through the routing fabric 2810 where the outputs can be stored within the storage elements

2830-2860 of the routing fabric. In other embodiments, the storage elements 2830-2860 are

placed within the configurable logic circuits 2805. Storage element 2830 is a storage element

including two clocked flip flops (also referred to as a "clocked delay element"). This storage

element will be further described below by reference to Figure 29, element 2940. Storage

element 2840 is a storage element including four clocked flip flops. This storage element will

be further described below by reference to Figure 29, element 2950. Storage elements 2850

and 2860 include four clocked flip flops and an input select multiplexer that is controllable.

Storage element 2850 will be further described below by reference to Figure 29, element

2960 and storage element 2860 by reference to Figure 29, element 2970.

One of ordinary skill in the art will realize that the depicted storage elements within

the routing fabric sections of Figure 28 only present some embodiments of the invention and

do not include all possible variations. Some embodiments use all these types of storage

elements, while other embodiments do not use all these types of storage elements (e.g., use

one or two of these types). In addition, the storage elements may be placed at other locations

within the IC.

Figure 29 illustrates several circuit representations of different embodiments of the

storage element 2920. In some embodiments, the storage element 2920 is a shift register 2940

including two clocked delay elements (e.g., flip-flops) 2945, that is built in or placed at the

routing fabric between a routing circuit 2910 and a first input of a destination 2930. The flip-

flops, or clocked delay elements, are connected sequentially, such that the output of one

clocked delay element drives the input of the next sequentially connected clocked delay

element. In some embodiments, the flip-flops are clocked by the sub-cycle clock, such that



the value at the input 2947 of the storage element 2940 is available at its output 2949 two

sub-cycles later. Accordingly, when other circuits in later reconfiguration cycles (specifically,

two sub-cycles later) need to receive the value of a circuit 2910 in earlier reconfiguration

cycles (i.e., two sub-cycles earlier), the circuit 2940 can be used.

In some embodiments, the storage element 2920 is a shift register 2950 including four

flip-flops 2945 that is built in or placed at the routing fabric between the routing circuit 2910

and a first input of a destination 2930. The flip-flops are clocked by the sub-cycle clock, such

that the value at the input 2957 of the storage element 2950 is available at its output 2959

four sub-cycles later. Accordingly, when other circuits in later reconfiguration cycles

(specifically, four sub-cycles later) need to receive the value of a circuit 2910 in earlier

reconfiguration cycles (in this example, four sub-cycles earlier), the circuit 2950 can be used.

One of ordinary skill in the art will recognize that the embodiments shown in Figure

29 are not exhaustive. For instance, storage elements 2940 and 2950 could be implemented

with different number of flip-flops (e.g., 3, 5, or 8 flip-flops) in addition to the two

embodiments shown, which utilize 2 and 4 flip-flops, respectively. Alternatively, the storage

elements 2940 could be placed at the input or output of a LUT or between any other circuits

of the IC.

A. Configurable Clocked Storage Elements within the Routing Fabric

In some embodiments, the configurable (or controllable) storage element 2920 is a

shift register 2960 including four flip-flops 2945 and a 2 :1 multiplexer 2965 that is built in or

placed at the routing fabric between the routing circuit 2910 and a first input of a destination

2930. The flip-flops are clocked by the sub-cycle clock (or another clock signal), such that

the value at the input 2962 of the storage element 2960 is available at a first multiplexer input

2964 two sub-cycles later, and is available at a second multiplexer input 2967 four sub-cycles

later. The multiplexer 2965 is controlled by configuration data such that the value at its

output 2969 may be selected from either the value at its first input 2964 or its second input

2967. In other embodiments, the multiplexer 2965 may have more than two inputs.

Accordingly, when other circuits in later configuration cycles (in this example, two or four

sub-cycles later) need to receive the value of a circuit 2910 in earlier configuration cycles

(specifically, two or four sub-cycles earlier), the circuit 2960 can be used.

One of ordinary skill in the art will recognize that the circuit 2960 may be

implemented with more sets of flip-flops than the two shown. In other words, the circuit may

be implemented, for instance, with a three-input multiplexer and three sets of flip-flops,

where each set of flip-flops has its output connected to each input of the multiplexer. In this



example, the circuit would be capable of producing three different delays from input to

output.

In some embodiments, the storage element 2920 is a shift register 2970 including four

flip-flops 2945 and two 2:1 multiplexers 2965 and 2980 that are built in or placed at the

routing fabric between the routing circuit 2910 and a first input of a destination 2930. The

flip-flops are clocked by the sub-cycle clock, such that the value at the input 2972 of the

storage element 2970 is available at a first multiplexer input 2974 two sub-cycles later, and is

available at a second multiplexer input 2977 four sub-cycles later. The multiplexer 2965 is

controlled by a user signal or configuration data such that the value at its output 2979 may be

selected from either the value at its first input 2974 or its second input 2977. In other

embodiments, the multiplexer 2965 may have more than two inputs. The 2:1 multiplexer

2980 selects between the user signal or configuration data based on another configuration

data. In some embodiments, the configuration data for selection and control may be provided

by the same configuration data. Accordingly, when other circuits in later configuration cycles

(specifically, two or four sub-cycles later) need to receive the value of a circuit 2910 in

earlier configuration cycles (specifically, two or four sub-cycles earlier), the circuit 2970 can

be used.

Figure 30 illustrates the configuring of a configurable, non-transparent (i.e., clocked)

storage element (also referred to as a "programmable conduit"). In some embodiments, the

storage element 3000 is a configurable shift register including two flip-flops 3030 and 3031

that is built in or placed at the routing fabric between a routing circuit 3020 and a first input

of a destination 3050. The flip-flops are clocked by the sub-cycle clock, such that the value at

the input 3025 of the storage element 3000 is available at its output 3045 in a later sub-cycle.

Accordingly, when other circuits in later configuration cycles need to receive the value of a

circuit 3020 in earlier configuration cycles, the circuit 3000 can be used.

The configurable storage element 3000 functions in the same manner as storage

element 2940 of Figure 29 while the configuration bit 3010 is held in a logic high state.

When the configuration bit 3010 is held in a logic high state, each flip flop (3030 and 3031)

of the configurable storage element 3000 is enabled during each clock cycle, so that its input

3025 is available at its output 3040 two clock cycles later, and the value is held at the output

for one clock cycle.

When different configuration data is presented to the configurable storage element

3000, multiple variations of delay from input to output and of the hold time at the output may

be achieved. For instance, if the configuration data 3010 provided is logic high for 1 clock



cycle, and logic low for 7 clock cycles, in an 8-loopered scheme, the input flip flop 3030 is

enabled during the first clock cycle, and stores the data at its input 3025. Although the second

flip flop 303 1 is also enabled, the data at its input 3035 is not valid, so neither is the data at its

output 3045 valid. During the second through eighth clock cycles, neither flip flop (3030 and

3031) is enabled, so no new data is stored by either flip flop. During the ninth clock cycle,

both flip flops are enabled, so the first flip flop 3030 stores the data at its input 3025, while

presenting its stored data at its output 3035. The second flip flop 3031 is enabled and stores

the data from the output of the first flip-flop 3035, while the data at its output 3045 is still

invalid. During the tenth to sixteenth clock cycles, neither flip flop (3030 and 3031) is

enabled, so no new data is stored or passed by either flip flop. During clock cycle 17, both

flip flops (3030 and 3031) are enabled, and the first flip flop 3030 again stores the data at its

input 3025, and presents its stored data at its output 3035. The second flip flop 3031 again

stores the data at its input 3035 and also presents its stored data at its output 3045, where the

data is now valid, and will be held until the next enable signal and clock edge.

One of ordinary skill in the art will recognize that other embodiments of the

configurable clocked storage element 3000 may include more flip flops, or configuration data

greater than one byte. Furthermore, the storage element may be placed at different locations

within the IC. In addition, the various examples of configuration data are for illustrative

purposes only, and any combination of bits may be used.

B. Timing of Storage Elements

Figure 31A illustrates one embodiment of a configurable, transparent (i.e.,

unclocked) storage element. In some embodiments, the storage element is a latch 3110 which

may be placed between two other circuit elements. In some embodiments, the latch 3 110 is

implemented as shown in Figure 18, element 1805. This latch is said to be transparent

because it does not receive a clock signal. In Figure 31A, ΟΡχ represents the output of some

upstream circuitry, for instance, the output of an R-MUX. The input of the latch 3 110 is

driven by ΟΡχ . Similarly, IPY represents the input of some downstream circuitry that will be

driven by the output of the latch 3 110. The downstream circuitry could be an R-MUX, an I-

MUX, or any other element of the configurable IC.

Figure 31B illustrates the use of the storage element 3 110 to pass values from an

earlier sub-cycle (or clock cycle) to a later sub-cycle. As shown, if a value from ΟΡχ is

latched during sub-cycle 1, that value is then held in sub-cycle 2, where it is available to be

read at IPY. During sub-cycle 2, the storage element 3110 is unable to store a new value from

ΟΡχ because the latch is unable to read new data while data is being stored. As further



illustrated, the storage element 3 110 is ready to store new data from ΟΡχ during sub-cycle 3.

The data stored during sub-cycle 3 is then available to be read at IPY during sub-cycle 4. This

same process can be repeated in subsequent sub-cycles.

Figure 32 illustrates the operation of the storage element 3 10 through the use of a

timing diagram. Note that Figure 32 is meant for illustrative purposes only, and is not meant

to accurately reflect setup and hold times, rise times, etc. Figure 32 corresponds to the

example shown in Figure 31B. In this example, there are four sub-cycles during each user

cycle, and the four sub-cycles continuously repeat (4-loopered). During sub-cycle 1, the latch

enable signal is inactive (low), and the storage element 3 110 is available to store data from

ΟΡχ . During this time, storage element 3 110 acts as a routing circuit, and the output of

storage element 3 110 is unstable at IPY. During sub-cycle 2, the latch enable signal is active

(high), and the value stored during sub-cycle 1 is presented by the storage element 3 110 to

ΙΡγ , and the storage element is not able to read new data from ΟΡχ . During sub-cycle 3, the

storage element 3 110 again reads data from ΟΡχ , while the output of storage element 3110 is

not stable at ΙΡγ . During sub-cycle 4, the value stored during sub-cycle 3 is presented by the

storage element 3 110 to ΙΡγ . This process is repeated in this example, with the values read

from ΟΡχ at sub-cycles 1, 3, 5, etc. available for the element at IPY during sub-cycles 2, 4, 6,

etc.

Figure 31C illustrates the use of the storage element 3110 to hold and pass values for

multiple-cycles. As shown in this example, a value is read and latched from ΟΡχ at sub-cycle

1. After the data is latched at sub-cycle 1, the storage element 3 110 is unable to store new

data during sub-cycles 2, 3, and 4. During sub-cycles 2, 3, and 4, the data stored by storage

element 3110 is continuously available at ΙΡγ .

Figure 33 illustrates the operation of storage element 3 110 through the use of a

timing diagram. Figure 33 corresponds to the example shown in Figure 31C. During sub-

cycle 1, the storage element 3110 is able to store data from ΟΡχ . During this time, the output

of storage element 3 110 is unstable and not available to be read at IPY. During sub-cycles 2-

4, the value stored during sub-cycle 1 is presented by the storage element 3110 to ΙΡγ , and the

storage element is not able to read new data from ΟΡχ . This timing is repeated every four

sub-cycles, as shown. Thus, the value stored from ΟΡχ during sub-cycle 5 is available at IPY

during sub-cycles 6-8, etc.

Use of configurable transparent storage elements also allows operational time

extension. In some embodiments, a circuit will not finish performing its operations within

one sub-cycle. In these instances, a configurable transparent storage element may be used to



hold the value at the input of the circuit for a subsequent sub-cycle so that the circuit can

complete its operations. Operational time extension is further described in United States

Patent 7,496,879 and United States Patent 8,166,435.

One of ordinary skill in the art will recognize that the two examples shown above are

not exhaustive and are meant for illustrative purposes only. For instance, other

implementations may have 8-loopered instead of 4-loopered schemes. Other embodiments

will hold the data in the storage element 3110 for longer than 3 sub-cycles, etc.

Figure 34A illustrates one embodiment of a non-configurable, non-transparent (i.e.,

clocked) storage element 3410. In some embodiments, the storage element 3410 is the same

element described by Figure 29, element 2940. This storage element is said to be non-

transparent because it requires a clock signal. This storage element 3410 is non-configurable

because there is no configuration data passed to the storage element. In Figure 34A, ΟΡχ

represents the output of some upstream circuitry, for instance, the output of an R-MUX. The

input of the storage element 3410 is driven by ΟΡχ . Similarly, ΙΡγ represents the input of

some downstream circuitry that will be driven by the output of the storage element 3410. The

downstream circuitry could be an R-MUX, an I-MUX, or any other element of the

configurable IC.

As shown in Figure 34B, the storage element 3410 is able to store data from ΟΡχ at

every sub-cycle. After an initial delay (dependent on the number of flip flops in storage

element 3410), the storage element 3410 is able to present its stored data to ΙΡγ every sub-

cycle. Unlike the storage element 3 110 described above, storage element 3410 cannot hold a

value at its output (i.e., at ΙΡγ ) for more than one sub-cycle.

Figure 35 illustrates the operation of storage element 3410 through the use of a

timing diagram. Figure 35 corresponds to storage element 2940 (i.e., element C2) using the

example shown in Figure 34B. During sub-cycle 1, storage element 3410 stores the data

presented to it at ΟΡχ . During sub-cycle 2, storage element 3410 again stores the data

presented to it at ΟΡχ , while also internally shifting the data stored during sub-cycle 1.

During sub-cycle 3, storage element 3410 again stores the data presented to it at ΟΡχ , while

also internally shifting the data stored during sub-cycle 2, and presenting the data stored

during sub-cycle 1 at its output to ΙΡγ . The steps of sub-cycle 3 are then repeated in each

subsequent sub-cycle. Thus, new data is stored, the data stored during the previous sub-cycle

is shifted internally within storage element 3410, and the data stored two sub-cycles earlier is

presented at the output of the storage element to ΙΡγ .

Figure 35 also shows the operation of storage element 3410 when implemented as



shown in Figure 29, element 2950 (i.e., element C4). During sub-cycle 1, storage element

3410 stores the data presented to it at ΟΡχ . During sub-cycle 2, storage element 3410 again

stores the data presented to it at ΟΡχ , while also internally shifting the data stored during sub-

cycle 1. During sub-cycle 3, storage element 3410 again stores the data presented to it at ΟΡχ ,

while also internally shifting the data stored during sub-cycles 1 and 2. During sub-cycle 4,

storage element 3410 again stores the data presented to it at ΟΡχ , while also internally

shifting the data stored during sub-cycles 1, 2, and 3. During sub-cycle 5, storage element

3410 again stores the data presented to it at ΟΡχ , internally shifts the data stored during sub-

cycles 2, 3, and 4, and presents the data stored during sub-cycle 1 at its output to IPY. The

steps of sub-cycle 5 are then repeated in each subsequent sub-cycle. Thus, new data is stored,

the data stored during the previous 3 sub-cycles is internally shifted within storage element

3410, and the data stored four sub-cycles earlier is presented at the output of the storage

element to ΙΡγ .

One of ordinary skill in the art will recognize that the examples given above are for

illustrative purposes only. Other embodiments may include more or fewer flip-flops than the

two and four flip-flop circuits described in relation to Figures 29 and 35.

Figure 36 illustrates one embodiment of a configurable, non-transparent (i.e.,

clocked) storage element 3610. In some embodiments, the storage element 3610 is the same

element described by Figure 30, element 3000. This storage element is said to be non-

transparent because it requires a clock signal. This storage element 3610 is also configurable

because there is configuration data passed to the storage element. In Figure 36, ΟΡχ

represents the output of some upstream circuitry, for instance, the output of an R-MUX. The

input of the storage element 3610 is driven by ΟΡχ . Similarly, ΙΡγ represents the input of

some downstream circuitry that will be driven by the output of the storage element 3610. The

downstream circuitry could be an R-MUX, an I-MUX, or any other element of the

configurable IC.

Figure 37 illustrates the operation of storage element 3610 through the use of a

timing diagram. Figure 37 shows timing signals 3710 that illustrate the operation of storage

element 3000 (i.e., element P2) using the first example configuration data shown in Figure

30 (i.e., configuration data is all Is). Since the flip flop enable bit is always enabled, the

storage element 3000 provides the same functionality as storage element 2940. During sub-

cycle 1, storage element 3610 stores the data presented to it at ΟΡχ . During sub-cycle 2,

storage element 3610 again stores the data presented to it at ΟΡχ , while also internally

shifting the data stored during sub-cycle 1. During sub-cycle 3, storage element 3610 again



stores the data presented to it at ΟΡχ , while also internally shifting the data stored during sub-

cycle 2, and presenting the data stored during sub-cycle 1 at its output to ΙΡγ . The steps of

sub-cycle 3 are then repeated in each subsequent sub-cycle. Thus, new data is stored, the data

stored during the previous sub-cycle is shifted internally within storage element 3610, and the

data stored two sub-cycles earlier is presented at the output of the storage element to ΙΡγ .

Figure 37 further shows timing signals 3720 that illustrate the operation of storage

element 3000 (i.e., element P2) using the second example configuration data shown in Figure

30 (i.e., configuration data is a 1 followed by all 0s). During sub-cycle 1, the enable signal is

high (i.e., the flip flops 3030 are both enabled), and storage element 3610 stores the data

presented to it at ΟΡχ . During sub-cycles 2-8, the enable signal is low (i.e., the flip flops 3030

are not enabled) and the storage element 3610 does not store new data or internally pass data.

During sub-cycle 9, the enable bit is high, and storage element 3610 again stores the

data presented to it at ΟΡχ , while also internally shifting the data stored during sub-cycle 1.

During sub-cycles 10-16, the enable signal is low (i.e., the flip flops 3030 are not enabled)

and the storage element 3610 does not store new data or internally pass data.

During sub-cycle 17, the enable bit is high, and storage element 3610 again stores the

data presented to it at ΟΡχ , while also internally shifting the data stored during sub-cycle 9,

and presenting the data stored during sub-cycle 1 at its output to ΙΡγ . The stored data from

sub-cycle 1 is held at the output until sub-cycle 24. The steps of sub-cycle 17 are then

repeated every eighth subsequent sub-cycle, while no data is stored or internally transferred

during the intervening seven sub-cycles. Thus, new data is stored, the data stored during the

previous enabled sub-cycle (i.e., eight sub-cycles earlier) is shifted internally within storage

element 3610, and the data stored sixteen sub-cycles earlier is presented for eight sub-cycles

at the output of the storage element to ΙΡγ .

Figure 37 further shows timing signals 3730 that illustrate the operation of storage

element 3000 (i.e., element P2) using the third example configuration data shown in Figure

30 (i.e., configuration data is a 1 followed by three 0s followed by a 1 followed by three 0s).

During sub-cycle 1, the enable signal is high (i.e., the flip flops 3030 are both enabled), and

storage element 3610 stores the data presented to it at ΟΡχ . During sub-cycles 2-4, the enable

signal is low (i.e., the flip flops 3030 are not enabled) and the storage element 3610 does not

store new data or internally pass data.

During sub-cycle 5, the enable bit is high, and storage element 3610 again stores the

data presented to it at ΟΡχ , while also internally shifting the data stored during sub-cycle 1.

During sub-cycles 6-8, the enable signal is low (i.e., the flip flops 3030 are not enabled) and



the storage element 3610 does not store new data or internally pass data.

During sub-cycle 9, the enable bit is high, and storage element 3610 again stores the

data presented to it at ΟΡχ , while also internally shifting the data stored during sub-cycle 5,

and presenting the data stored during sub-cycle 1 at its output to ΙΡγ . The stored data from

sub-cycle 1 is held at the output until sub-cycle 1 . The steps of sub-cycle 9 are then repeated

every fourth subsequent sub-cycle, while no data is stored or internally transferred during the

intervening 3 sub-cycles. Thus, new data is stored, the data stored during the previous

enabled sub-cycle (i.e., four sub-cycles earlier) is shifted internally within storage element

3610, and the data stored eight sub-cycles earlier is presented for four sub-cycles at the output

of the storage element to ΙΡγ .

Figure 37 further shows timing signals 3740 that illustrate the operation of storage

element 3000 (i.e., element P2) using another example set of configuration data. As shown,

when the enable signal is active (i.e., high), storage element 3000 stores the data at its input,

internally passes data (if available) and presents the data at its output. When the enable signal

is inactive (i.e., low), storage element 3000 does not store the data at its input, does not

internally pass data, and hold the value that was presented at its output during the previous

sub-cycle.

One of ordinary skill in the art will recognize that the examples given above are for

illustrative purposes only. Other embodiments may include more or fewer flip-flops than the

two flip-flop circuit described in relation to Figures 30 and 37. Other embodiments may also

use more or fewer configuration bits, or be implemented in a 4-loopered scheme, etc.

C. Clocked Storage Elements in Parallel Distributed Path

In some embodiments, clocked storage elements (i.e., conduits or flip-flops), rather

than latches, perform some of the storing operations in the routing fabric. For some of these

embodiments, Figure 38 illustrates an example routing fabric section (or a routing circuit)

3800 for some embodiments that performs routing and storage operations by parallel paths

that includes a clocked storage element. The routing fabric section 3800 distributes an output

signal of a source circuit 3810 through a parallel path to inputs of a 2:1 output multiplexer

3820. The output multiplexer 3820 in turn feeds one or more destination circuits (not

illustrated) in the routing fabric (e.g., RMUX) and/or in the configurable tiles (e.g., LUTs).

The parallel path includes a first path 3850 and a second path 3860. The source circuit 3810

can be an input-select circuit for a logic circuit, a routing multiplexer (RMUX), or some other

type of circuit.

The first path 3850 passes the output of the source circuit 3810 through a clocked



storage element (i.e., conduit) 3830, where the output will be stored every clock cycle (or

sub-cycle, configuration cycle, reconfiguration cycle, etc.) before reaching a first input of the

output multiplexer 3820. In some embodiments, the connection between the source circuit

3810 and the conduit 3830 and the connection between the conduit 3830 and the output

multiplexer 3820 are direct connections.

The second parallel path 3860 runs in parallel with the first path 3850 and passes the

output of the source circuit 3810 directly to a second input of the output multiplexer 3820. In

some embodiments, the connection between the source circuit 3810 and the output

multiplexer 3820 is a direct connection.

A clock signal controls the conduit 3830. A configuration bit 3840 controlling the 2:1

output multiplexer 3820 that selects from either the first path 3850 or the second path 3860 as

the output of the routing fabric section 3800. The source circuit 3810 receives its

configuration data through a configuration retrieval path 3870. The output multiplexer 3820

receives the configuration bit 3840 through a configuration retrieval path 3875.

The routing fabric section or the routing circuit 3800 is transparent when the second

path 3860 (the direct connection path) is selected. This enables time borrowing by allowing

signals to travel longer distance at slower clock rates. The routing fabric section 3800

behaves like a conduit when the first parallel path 3850 (the conduit path) is selected. In some

embodiments, the parallel paths 3850, 3860 and the output 2 :1multiplexer are jointly referred

to as a KMUX in some embodiments.

In some embodiments, the routing fabric section 3800 includes a feedback path (not

shown) that sends the output of the output multiplexer 3800 back as one of the inputs of the

source circuit 3810 (which can be a routing multiplexer RMUX). By selecting this feedback

path after receiving a value from the source circuit 3810, the routing circuit 3800 forms a

latch that can be used to hold the received value for multiple sub-cycles. In some

embodiments, such a latch formed by the feedback path is also used to prevent bit flickering.

In some embodiments, the routing fabric section 3800 does not hold a value for multiple

clock cycles or sub-cycles.

The output multiplexer 3820 is illustrated as a 2:1 multiplexer requiring only one

configuration bit. However, in some embodiments, the output multiplexer 3820 receives two

or more configuration bits for selecting from among three or more paths.

In some embodiments, the configuration data 3840 comes at least partly from

configuration data storage of the IC. In addition, the operation of the source circuit 3810 is

also controlled by configuration signals derived at least partly from configuration data storage



of the IC. In some embodiments, the data in the configuration data storage comes from

memory devices of an electronic device on which the IC is a component. In some

embodiments (e.g., some embodiments that are not runtime reconfigurable), the configuration

data storages store one configuration data set (e.g., one bit or more than one bit) for all clock

cycles. In other embodiments (e.g., embodiments that are runtime reconfigurable and have

runtime reconfigurable circuits), the configuration data storages store multiple configuration

data sets, with each set defining the operations of the circuits 3810 and 3820 during different

clock cycles. These different clock cycles might be different user design clock cycles, or

different sub-cycles of a user design clock cycle or some other clock cycle. In other words,

the circuits 3810 and 3820 can be reconfigured to perform a different operation in every

clock cycle of a set (e.g., 3 or more) of consecutive clock cycles.

For some embodiments, Figure 39 illustrates a circuit 3900 that is an example

implementation of the routing fabric section 3800 of Figure 38. As shown in this figure, the

circuit 3900 includes a source circuit 3910, a 2:1 output multiplexer 3920, a direct connection

3970 and latches 3975 and 3980, and a delay chain 3985. The latch 3975 includes a tri-state

inverters 3925 and 3945, a first transmission gate 3930, a first pair of NAND gates 3935 and

3940. The latch 3980 includes a second transmission gate 3950, a second pair of NAND gates

3955 and 3960, and an inverter pair 3965.

The source circuit 3910 acts as the source of data to the direct connection 3970 and

the latch 3975 and provides the input to the rest of the circuit 3900. The source circuit can be

a RMUX, a LUT, or some other types of circuit.

The latches 3975 and 3980 are connected in series to form a master-slave flip-flop

that corresponds to the conduit 3830 in Figure 38. In the latch 3975, the tri-state inverter

3925 drives the output of source circuit 3910 to one of the inputs of NAND gate 3940, which

in turn drives it to NAND gate 3935. The NAND gate 3940 has another input that is driven

by an active low set signal, while the NAND gate 3935 has another input that is driven by an

active low reset signal. The NAND gate 3935 in turn drives the transmission gate 3930. The

output of transmission gate 3930 shares the same wire as the output of tri-state inverter 3925

to form an input of the NAND gate 3940.

The transmission gate 3930 is enabled by the negative clock signal. When the clock

signal is low, the transmission gate 3930 conducts current. When the clock signal is high, the

transmission gate 3930 is in a high impedance state, effectively removing the output from the

transmission gate 3930. The positive value of clock signal controls tri-state inverter 3925.

When the clock signal is high, the tri-state inverter 3925 is turned on. When the clock signal



is low, the tri-state inverter 3925 is turned off.

Because the negative value of clock signal enables the transmission gate 3930 while

the positive value of clock signal enables tri-state inverter 3925, the transmission gate 3930

and the tri-state inverter 3925 will not conduct current at the same time. So there will not be

any short circuit even though their outputs share the same wire.

When the set and reset signals are both high (i.e., de-asserted, since set and reset are

both active low signals in this example), whatever value comes in as input of NAND gate

3940 will reach the input of transmission gate 3930. So for the latch 3975 to function

normally (i.e., storing or passing signals from source to destination), the set and reset signals

must remain high (i.e., inactive).

In the latch 3980, the tri-state inverter 3945 drives the output of NAND gate 3940 to

one of the inputs of NAND gate 3960, which in turn drives it to NAND gate 3955. The

NAND gate 3955 has another input that is driven by an active-low set signal, while the

NAND gate 3960 has another input that is driven by an active-low reset signal. The NAND

gate 3955 in turn drives the transmission gate 3950. The output of transmission gate 3950

shares the same wire as the output of tri-state inverter 3945 to form an input of the NAND

gate 3960.

The transmission gate 3950 is enabled by the positive value of clock signal. When the

clock signal is high, the transmission gate 3950 conducts current. When the clock signal is

low, the transmission gate 3950 is in a high impedance state, effectively removing the output

from the transmission gate 3950. The negative value of clock signal controls tri-state inverter

3945. When the clock signal is low, the tri-state inverter 3945 is turned on (i.e., conducts

current). When the clock signal is high, the tri-state inverter 3945 is turned off.

Because the positive value of the clock signal enables the transmission gate 3950

while the negative value of the clock signal enables tri-state inverter 3945, the transmission

gate 3950 and the tri-state inverter 3945 will not conduct current at the same time. So there

will not be any short circuit even though their outputs share the same wire.

When the set and reset signals are both high, whatever value comes in as input of

NAND gate 3960 will reach the input of transmission gate 3950. So for the latch 3980 to

function normally, the set and reset signals must remain high.

When the clock signal is changed to high, the tri-state inverter 3925 is enabled while

the transmission gate 3930 is disabled. At the same time, the tri-state inverter 3945 is

disabled while the transmission gate 3950 is enabled. As a result, the current output of source

circuit 3910 passes transparently through the circuit section 3975 but stops at the tri-state



inverter 3945.

When the clock signal is changed from high to low, the tri-state inverter 3925 is

disabled while the transmission gate 3930 is enabled. At the same time, the tri-state inverter

3945 is enabled while the transmission gate 3950 is disabled. As a result, the first latch 3975

stores the output value of the source circuit 3910 when the clock signal transitions from high

to low, while the second latch 3980 passes the value stored by the first latch transparently to

an input of the output multiplexer 3920.

When the clock signal returns to high, the tri-state inverter 3925 is enabled while the

transmission gate 3930 is disabled. At the same time, the tri-state inverter 3945 is disabled

while the transmission gate 3950 is enabled. As a result, the current output of the source

circuit 3910 passes transparently through the circuit section 3975 and stops at the tri-state

inverter 3945. The value previously stored in the first latch 3975 is now stored in the second

latch 3980 and continue to drive one input of the output multiplexer 3920.

The output multiplexer 3920 is a 2:1 multiplexer. A configuration signal C is supplied

by the inverter pair 3965 and controls the output of the output multiplexer 3920. The output

of 3920 is either the current output of source circuit 3910 passed directly through the direct

connection 3970, or the output of source circuit 3910 at the previous clock cycle stored in the

master-slave flip flop described in sections 3975 and 3980.

In some ICs, the rising edge of the clock signal is slower than its falling edge. For

those ICs, closing the latch 3975 or 3980 on the rising edge of clock signal will cause a hold

time violation because the output of the source circuit 3910 would have already changed

before the rising edge of clock signal. Unfortunately, at any given time, one of the latches in

sections 3975 and 3980 will close on the rising edge of clock signal. In order to mitigate the

potential hold time violation, a delay chain (e.g., one that includes one or more inverters) is

inserted in some embodiments into the data path between the output of the source circuit

3910 and the input to tri-state inverter 3925. In some embodiments, instead of inserting a

delay chain into the data path following the output of the source circuit 3910, a delay chain

3985 is inserted into the configuration retrieval circuitry of the source circuit 3910.

It will be evident to one of ordinary skill in the art that the various components and

functionality of Figure 39 may be implemented differently without diverging from the

essence of the invention. For example, other implementations of conduit may replace the

implementation of master-slave flip-flop in sections 3975 and 3980 with another type of flip-

flop.

In some embodiments, the clocked storage element in the KMUX is implemented by a



pair of configurable master-slave latches. In some of these embodiments, the 2:1 output

multiplexer (such as 3820) as well as the direct connection (such as 3860) connecting the

source multiplexer with the output multiplexer are not needed. Figure 40 illustrates such an

alternative embodiments of the KMUX.

Figure 40 illustrates a routing fabric section 4000 that includes a pair of configurable

master-slave latches 4050 and 4060 as its clocked storage. The routing fabric section 4000

distributes an output signal of a source circuit 4010 through a path 4005 to a destination

circuit 4020. The source circuit 4010 can be an input-select circuit for a logic circuit, a

routing multiplexer (RMUX), or some other type of circuit. The path 4005 includes the first

(master) latch 4050 and the second (slave) latch 4060. The operations of the latches 4050 and

4060 are controlled by a configuration signal C from configuration data 4080. The source

circuit 4010 is controlled configuration signal from a configuration data 4085.

The routing fabric section 4000 performs the same functionality as the routing fabric

section 3800 described above by reference to Figure 38. However, as illustrated in this

figure, the configuration signal C has been moved to control the latches 4050 and 4060.

When the configuration signal C is set to one value, the latches 4050 and 4060 act as a

master-slave flip-flop and are controlled by a clock signal. When the configuration signal C is

switched to another value, the output signal of the source circuit 4010 passes transparently

through the latches 4050 and 4060. As a result, there is no need to have a separate transparent

or bypass wire for the routing fabric section 4000 in order to provide a transparent path from

the source circuit 4010 to the destination circuit 4020. In addition, the routing fabric section

4000 does not need a destination multiplexer to select between two output paths, thus

removes the delay caused by the multiplexer. In some embodiments, the master-slave latches

4050 and 4060 are jointly referred to as a KMUX.

In some embodiments, the configuration data controlling the source circuit 4010 as

well as the latches 4050 and 4060 comes at least partly from a configuration data storage of

the IC (such as the configuration data storage 4080 and 4085). In some embodiments, the

data in the configuration data storage comes from memory devices of an electronic device on

which the IC is a component. In some embodiments (e.g., some embodiments that are not

runtime reconfigurable), the configuration data storages store one configuration data set (e.g.,

one bit or more than one bit) for all clock cycles. In other embodiments (e.g., embodiments

that are runtime reconfigurable and have runtime reconfigurable circuits), the configuration

data storages store multiple configuration data sets, with each set defining the operations of

the circuits 4010, 4050, and 4060 during different clock cycles. These different clock cycles



might be different user design clock cycles, or different sub-cycles of a user design clock

cycle or some other clock cycle. In other words, the circuits 4010, 4050, and 4060 can be

reconfigured to perform a different operation in every clock cycle of a set (e.g., 3 or more) of

consecutive clock cycles.

For some embodiments, Figure 41 illustrates an example implementation of the

routing fabric section 4000 of Figure 40. As shown in this figure, the circuit 4100 includes

the source circuit 4010, a delay chain 4185, and the master latch 4050 and the slave latch

4060. The master latch 4050 includes a tri-state inverter 4125, a first transmission gate 4130,

a first pair of NAND gates 4135 and 4140. The slave latch 4060 includes a tri-state inverter

4145, a second transmission gate 4150, and a second pair of NAND gates 4155 and 4160.

The latches 4050 and 4060 are two latches connected in series to form a master-slave

flip flop that perform similar function as the conduit 3830 in Figure 38. In master latch 4050,

the tri-state inverter 4125 drives the output of the source circuit 4010 to one of the inputs of

NAND gate 4140, which in turn drives it to NAND gate 4135. The NAND gate 4140 has

another input that is driven by an active low set signal, while the NAND gate 4135 has

another input that is driven by an active low reset signal. The NAND gate 4135 in turn drives

the transmission gate 4130. The output of transmission gate 4130 shares the same wire as the

output of tri-state inverter 4125 to form an input of the NAND gate 4140.

The transmission gate 4130 is enabled by the negative value of elk +C, where elk is

the clock signal and C is a configuration signal. When both the clock signal and the

configuration signal C are low, the transmission gate 4130 conducts current. When the clock

signal is high, the transmission gate 4130 is in a high impedance state, effectively removing

the output from the transmission gate 4130. The positive value of elk +C controls tri-state

inverter 4125. When the clock signal is high, the tri-state inverter 4125 is turned on. When

both the clock signal and the configuration signal C are low, the tri-state inverter 4125 is

turned off.

Because the negative value of elk +C enables the transmission gate 4130 and the

positive value of elk +C enables tri-state inverter 4125, the transmission gate 4130 and the

tri-state inverter 4125 will not conduct current at the same time. So there will not be any short

circuit even though their outputs share the same wire.

When the set and reset signals are both high (i.e., de-asserted, since set and reset are

both active low signals in this example), whatever value comes in as input of NAND gate

4140 will reach the input of transmission gate 4130. So for the latch 4050 to function

normally (i.e., storing or passing signals from source to the output 4120 of the circuit 4100),



the set and reset signals must remain high (i.e., inactive).

In the slave latch 4060, the tri-state inverter 4145 drives the output of NAND gate

4140 to one of the inputs of NAND gate 4160, which in turn drives it to NAND gate 4155.

The NAND gate 4155 has another input that is driven by an active-low set signal, while the

NAND gate 4160 has another input that is driven by an active-low reset signal. The NAND

gate 4155 in turn drives the transmission gate 4150. The output of transmission gate 4150

shares the same wire as the output of tri-state inverter 4145 to form an input of the NAND

gate 4160.

The transmission gate 4150 is enabled by the positive value of clk*C. When the

clock signal is high and the configuration signal C is low, the transmission gate 4150

conducts current. When the clock signal is low, the transmission gate 4150 is in high

impedance state, effectively removing the output from the transmission gate 4150. The

negative value of clk*C controls tri-state inverter 4145. When the clock signal is low, the

tri-state inverter 4145 is turned on (i.e., conducts current). When the clock signal is high and

the configuration signal C is low, the tri-state inverter 4145 is turned off.

Because the positive value of clk*C enables the transmission gate 4150 while the

negative value of clk»C enables tri-state inverter 4145, the transmission gate 4150 and the

tri-state inverter 4145 will not conduct current at the same time. So there will not be any short

circuit even though their outputs share the same wire.

When the set and reset signals are both high, whatever value comes in as input of

NAND gate 4160 will reach the input of transmission gate 4150. So for the latch 4060 to

function normally, the set and reset signals must remain high.

When the configuration signal C is low and the clock signal is changed to high, the

tri-state inverter 4125 is enabled while the transmission gate 4130 is disabled. At the same

time, the tri-state inverter 4145 is disabled while the transmission gate 4150 is enabled. As a

result, the current output of source circuit 4010 passes transparently through the circuit

section 4050 but stops at the tri-state inverter 4145.

When the configuration signal C is low and the clock signal is changed from high to

low, the tri-state inverter 4125 is disabled while the transmission gate 4130 is enabled. At the

same time, the tri-state inverter 4145 is enabled while the transmission gate 4150 is disabled.

As a result, the first latch 4050 stores the output value of the source circuit 4010 when the

clock signal transitions from high to low, while the second latch 4060 passes the value stored

by the first latch transparently to output 4120 of the circuit 4100.



When the configuration signal C is low and the clock signal returns to high, the tri-

state inverter 4 1 5 is enabled while the transmission gate 4130 is disabled. At the same time,

the tri-state inverter 4145 is disabled while the transmission gate 4150 is enabled. As a result,

the current output of source circuit 4010 passes transparently through the first latch 4050 and

stops at the tri-state inverter 4145. The value previously stored in the first latch 4050 is now

stored in the second latch 4060 and provided as the output 4120 of the circuit 4100.

When the configuration signal C is high, the transmission gates 4130 and 4150 are

disabled and the tri-state inverters 4125 and 4145 are turned on. As a result, the current

output of source circuit 4010 passes transparently through the circuit sections 4050 and 4060

to reach the output 4120 of the circuit 4100. The configuration signal C controls the behavior

of the circuit 4100. The output 4120 of the circuit 4100 is either the current output of source

circuit 4010 passed transparently through the circuit sections 4050 and 4060 when the

configuration signal C is high, or the output of the source circuit 4010 at the previous clock

cycle stored in the master-slave flip flop described in sections 4050 and 4060 when the

configuration signal C is low.

In some ICs, the rising edge of the clock signal is slower than its falling edge. For

those ICs, closing the latch 4050 or 4060 on the rising edge of clock signal will cause a hold

time violation because the output of the source circuit 4010 would have already changed

before the rising edge of clock signal. Unfortunately, at any given time, one of the latches in

sections 4050 and 4060 will close on the rising edge of clock signal. In order to mitigate the

potential hold time violation, a delay chain (e.g., one that includes one or more inverters) is

inserted in some embodiments into the data path between the output of source circuit 4010

and the input to tri-state inverter 4125. In some embodiments, instead of inserting a delay

chain into the data path following the output of the source circuit 4010, a delay chain 4185 is

inserted into the configuration retrieval circuitry of source circuit 4010.

Figure 42 conceptually illustrates the operations of the circuit 4100 based on the

value of the configuration signal C. Specifically, this figure illustrates in two operational

stages 4205 and 4210 how different values of configuration signal C affect the behavior of

the circuit 4100. In this example, the circuit 4100 is the same one described above by

reference to Figure 41. As shown in this figure, the circuit 4100 includes a source circuit

4 110 and the two latches 4050 and 4060.

In the first stage 4205, the configuration signal C is high. As a result, the latches 4050

and 4060 pass the output of the source circuit 4 110 transparently to the output 4120 of the

circuit 4100. In the second stage 4210, the configuration signal C is low. Consequently, the



latches 4050 and 4060 act as a master-slave flip flop 4080 (i.e., a conduit). Thus the output of

source circuit 4110 received at the previous clock cycle is stored in the mater-slave flip flop

4080 and is provided as the output 4120 of the circuit 4100.

The configuration signal C can be used to change the behavior of the circuit 4100

based on design needs. If a transparent connection is desirable, the configuration signal C will

be set to high. This enables time borrowing by allowing signals to travel longer distance at

slower clock rates. If a conduit is desirable, the configuration signal C will be set to low to

turn the circuit 4100 into a master-slave flip flop. The circuit 4100 performs essentially the

same functionality as the routing fabric section 3900 described above by reference to Figure

39. However, the circuit 4100 does not include an output multiplexer, thus removing delay

caused by the output multiplexer 3920 at the output of the routing fabric section 3900.

The operations of various types of interconnect circuits (e.g., RMUXs) and storage

circuits (e.g, conduits and KMUXs) discussed above by reference by Figures 39-42 are

determined by configuration data or configuration bits. In some embodiments, the

configuration data or configuration bits come at least partly from configuration data storage

of the IC. In some embodiments, the data in the configuration data storage comes from

memory devices of an electronic device on which the IC is a component. In some

embodiments (e.g., some embodiments that are not runtime reconfigurable), the configuration

data storages store one configuration data set (e.g., one bit or more than one bit) for all clock

cycles. In other embodiments (e.g., embodiments that are runtime reconfigurable and have

runtime reconfigurable circuits), the configuration data storages store multiple configuration

data sets, with each set defining the operations of the storage elements, source circuits, and

output multiplexers during differing clock cycles. These differing clock cycles might be

different user design clock cycles, or different sub-cycles of a user design clock cycle or

some other clock cycle.

D. Time Borrowing

The technique of completing an operation of a longer computational path by

borrowing time from an adjacent or neighboring shorter computational path is called time-

borrowing. The longer computational path can complete its operation by a particular clock

cycle as if it is able to start its computation at an earlier clock cycle. One way this can be

done is if the longer computational path is able to receive its required input from the adjacent

or neighboring shorter computational path before the start of the current clock cycle. This

cannot be done if the storage element storing and supplying the required input from the

adjacent shorter computational path is a conventional clocked storage element. Such a



conventional clocked storage element is incapable of making the required input available to

the longer computational path ahead of time.

Unlike a conventional clocked storage element, a configurable clocked storage

element, i.e., KMUX as described above by reference to Figures 38-42 can support time

borrowing. This is so because a KMUX can be configured in each clock cycle to either serve

as a conduit or a transparent data passage, thereby allowing the longer computational path to

receive its required input from the adjacent shorter computational path before the start of the

current clock cycle.

Figure 43 illustrates an example of using KMUX to implement time borrowing in

three operational stages 4301-4303. The three operational stages correspond to three

consecutive sub-cycles from sub-cycle 0 to sub-cycle 2. The figure illustrates a data path

4300 between a source circuit 4320 and a destination circuit 4325. The data path includes

eight computational or logic elements 431 1-4318 and three storage elements 4330, 4335, and

4340. The three storage elements 4330, 4335, and 4340 are KMUXs that can be configured in

each sub-cycle to either serve as a conduit or a transparent data passage.

The three KMUXs 4330, 4335, and 4340 divide the data path 4300 into four

computational paths 4361-4364. The first computational path 4361 starts at the source circuit

4320 and ends at the KMUX 4330 while including the logic elements 431 1 and 4312. The

second computational path 4362 starts at the KMUX 4330 and ends at the KMUX 4335 while

including the logic elements 4313. The third computational path 4363 starts at the KMUX

4335 and ends at the KMUX 4340 while including the logic elements 4314-4316. The fourth

computational path 4364 starts at the KMUX 4340 and ends at the destination circuit 4325

while including the logic elements 4317-4318. The computational path 4361 is therefore

adjacent to the computation path 4362, and the computation path 4362 is adjacent to the

computation path 4363, etc. Either or both source circuit 4320 and destination circuit 4325

are storage elements.

In the example of Figure 43, the clock signal used to operate the storage elements

(i.e., KMUXs) in the path 4300 is a sub-cycle clocks with a period of 5 ns. In other words, a

computation path between two storage element has a 5 ns budget to complete its operation. A

particular computation that exceeds its 5 ns budget within a given sub-cycle will not yield

correct computational result unless it is able to borrow time from an adjacent computational

path. Some embodiments therefore configure the KMUX feeding the particular computation

path to operate as a transparent data passage to allow time borrowing from the adjacent

computational path.



Time borrowing operation will now be described by reference to the three stages

4301-4303. At the first stage 4301 (sub-cycle 0), the logic elements 43 11 and 43 12 in the first

computational path 4361 is performing a computation that is within its budget of 5 ns. The

result of this computation will be successfully stored by the KMUX 4330 at the end of sub-

cycle 0.

At the second stage 4302 (sub-cycle 1), the second computational path 4362 is

performing a computation that takes only 2 ns by using its logic element 4313. This means

that it has a surplus of 3 ns available for borrowing by a subsequent operation performed in

an adjacent computational path. In this instance, the third computation path 4363 will have to

perform an operation that takes 6 ns before the end of the next sub-cycle (sub-cycle 2), which

is 1 ns over the 5 ns budged for the sub-cycle. The third computation path 4363 therefore has

to borrow time from the second computation path 4362 during the current sub-cycle (sub-

cycle 1). The configuration data controlling the KMUX 4335 allows this to happen by

supplying configuration data to configure the KMUX 4335 to act as a transparent data

passage during sub-cycle 1.

When the KMUX 4335 is acting as a transparent data passage, the result of the

computation performed by the second computation path 4362 become available to the third

computation path 4363 during sub-cycle 1. The computation of the third computational path

4363 that is slotted to take place in sub-cycle 2 is thus able to start computation at sub-cycle

1, i.e., borrow time from sub-cycle 1. Since the computation performed by the second

computation path 4362 takes only 2 ns of sub-cycle 1, the third computation path 4362 will

able to receive its input 3 ns before the start of sub-cycle 2. With the extra 3 ns, the third

computation path 4363 will have a budget of 8 ns to complete its 6 ns operation using the

logic elements 4314-4316. In order to start the computation of the third computation path

4363 ahead of time, some or all of the logic elements 4314-4316 must be identically

configured to perform the same 6 ns operation in both sub-cycle 1 and sub-cycle 2.

At the third stage 4303 (sub-cycle 2), the third computation path 4363 uses the 5 ns of

sub-cycle 2 to complete its computation that started in sub-cycle 1. With 3 ns worth of

computation already taken place, the third computation path 4363 will complete its 6 ns

operation before the end of sub-cycle 2. The KMUX 4335 is configured to be a conduit in

this stage to hold the data from the previous sub-cycle such that the required input for the

third computation path 4363 remain available. The second computation path 4362 is free to

perform other operations in this third stage 4303 and will not affect the operation of the third

computation path 4363.



The KMUXs illustrated in Figure 43 is similar to the KMUX 3800 illustrated in

Figures 38-39. One of ordinary skill in the art would realize that the KMUXs of Figure 43

can also be implemented according to KMUX 4000 of Figures 40-42, which is without a

destination multiplexer but yet still capable of configurably performing either storage or

transparent operations according configuration data.

Figure 43 also illustrates a routing multiplexer (RMUX) at the input of each of the

KMUXs 4330, 4335, and 4340. In some embodiments, the routing multiplexer is for purpose

of illustrating a source circuit for the KMUX and not considered as part of the KMUX. As

described above, the input RMUXs are the source circuit that feeds the two inputs of a

KMUX in some embodiments. In some embodiments, these input RMUXs are 16-to-l input

RMUXs, while the KMUX output RMUXs (for the KMUX embodiments that have such

RMUXs) are 2-to-l RMUXs. As further described below by reference to Figure 66, the

routing fabric of some embodiments includes local-area routing circuits and macro-level

routing circuits that are formed by pairing RMUXs with KMUXs. In some of these

embodiments, each RMUX/KMUX pair has one input 16-to-l RMUX paired with one

KMUX, as further described below.

One of ordinary skill in the art would realize that the time borrowing example

provided above by reference to the data path 4300 is purely exemplary. In some

embodiments, each sub-cycle operate at much shorter period (or faster rate) than 5 ns such as

500 ps or less. Moreover, the datapath that traveres the LUTs and the KMUXs include other

circuits in some embodiments. For example, as further described below by reference to

Figure 66, the tile architechture of some embodiments includes a YMUX at the output of

each LUT. Accordingly, in these embodiments, a YMUX is between each LUT and KMUX.

These YMUX can also be used to facilitate time borrowing operations. They are not

illustrated in Figure 43 because this figure illustrates an example of using KMUXs for time

borrowing. One advantage of using KMUXs for time borrowing is that KMUXs use less

configuration bits than YMUX. However, the time borrowing example provided in Figure 43

can be equally performed with YMUX.

In the time borrowing example illustrated in Figure 43, both configurable logic and

routing circuits that are needed in sub-cycle 2 are defined in sub-cycle 1 to perform their

operation in sub-cycle 2. Other than KMUX 4335, other configurable routing circuits might

be used to route the output of LUT 43 13 to LUT 43 14 in sub-cycle 1, and then in sub-cycle 2.

Accordingly, in this example, both routing and logic resources are redundantly defined in

sub-cycles 1 and 2 to allow the displayed path to borrow time for sub-cycle 2 from sub-cycle



1.

However, other embodiments might not both configurable logic and routing circuits in

an earlier sub-cycle to facilitate time borrowing by a later sub-cycle. For instance, some

embodiments place a premium on the configurable logic circuits (e.g., configurable LUTs)

and do not burn in an earlier sub-cycle a LUT for use in the earlier processing of a signal for

a later sub-cycle. If such an approach is used in the example of Figure 43, the LUT 4314

would not be defined in sub-cycle 1 to operate the function that it performs in sub-cycle 2.

Instead, some embodiments simply redundantly define the configurable routing circuits that

are needed in sub-cycle 2 to route an input to LUT 4314 during sub-cycle 1. This latter

approach wastes less of the configurable logic circuits by redundantly defining them in

subsequent sub-cycles, but it is not as aggressive in allocating redundant resources to ensure

that critical timing paths are met. Other embodiments might use a hybrid approach, which

does not redundantly define configurable logic circuits in subsequent sub-cycles for most

paths, but does do so for the most critical paths that have to meet timing.

E. Low Power Sub-Cycle Reconfigurable Conduit

The clocked storage elements described above operate at the rate of sub-cycle clock.

These clocked storage elements consume power unnecessarily when performing operations

that does not require data throughput at sub-cycle rate. There is therefore a need for a clocked

storage element that consumes less power when performing low-throughput operations that

do not require sub-cycle rate.

Figure 44 illustrates an example of such low power sub-cycle reconfigurable conduit.

As shown in this figure, the circuit 4400 includes a source multiplexer 4405, a destination

multiplexer 4410, a KMUX 4425, twelve registers 4430-4441, and two configuration storage

and configuration retrieval circuits 44 15 and 4420.

In some embodiments, the source multiplexer 4405 is a sixteen-to-one multiplexer

that receives sixteen inputs and selects one of them to send to the registers 4430 in every sub-

cycle. The selection is based on a 4-bit select signal provided by the configuration storage

and configuration retrieval circuit 4415. In some embodiments, the configuration storage and

configuration retrieval circuit 4415 provides the 4-bit select signal according to the

reconfiguration signals it receives at the rate of sub-cycle clock.

The twelve registers 4430-4441 of some embodiments are master-slave flip-flops. An

example implementation of master-slave flip-flop is described above by reference to circuit

sections 3975 and 3980 of Figure 39. Each of the twelve registers 4430-4441 operates at the

rate of the user clock, but at different phase. At each sub-cycle, one of the registers 4430-



444 1 is enabled by its clock signal to saves the signal received from the source multiplexer

4405 and holds it for a duration equals to one user clock cycle before providing the signal to

the destination multiplexer 4410. In some embodiments, the registers 4430-4441 rotate and

take turn at every sub-cycle to save the signal coming from the source multiplexer 4405. The

low power conduit 4400 of some embodiments allows using user signal to enable the

registers 4430-4441 so that each of the registers can hold a value for more than one user

clock cycle.

In some embodiments, the destination multiplexer 4410 is a sixteen-to-one

multiplexer that receives twelve of its inputs from the registers 4430-4441. The destination

multiplexer 44 10 selects one of its inputs to send to the KMUX 4425 in every sub-cycle. This

allows the circuit 4400 to look backwards in time for one or more user cycles. The selection

is based on a 4-bit select signal provided by the configuration storage and configuration

retrieval circuit 4420. In some embodiments, the configuration storage and configuration

retrieval circuit 4420 provides the 4-bit select signal according to the reconfiguration signals

it receives at the rate of sub-cycle clock.

The KMUX 4425 receives the output of the destination multiplexer 44 10 and stores it

for one sub-cycle before sending it to some other circuits (not shown). The inclusion of the

KMUX 4425 ensures that the path that goes from the registers 4430-4441 through the

multiplexer 4410 meet the timing requirement by providing a wait station of yet another

storage element.

In some embodiments, the configuration data provided by the configuration storage

and configuration retrieval circuits 4415 and 4420 comes at least partly from configuration

data storage of the IC. In some embodiments, the data in the configuration data storage comes

from memory devices of an electronic device on which the IC is a component. In some

embodiments (e.g., some embodiments that are not runtime reconfigurable), the configuration

data storages store one configuration data set (e.g., one bit or more than one bit) for all clock

cycles. In other embodiments (e.g., embodiments that are runtime reconfigurable and have

runtime reconfigurable circuits), the configuration data storages store multiple configuration

data sets, with each set defining the operations of the multiplexers 4405 and 4410 during

different clock cycles. These different clock cycles might be different user design clock

cycles, or different sub-cycles of a user design clock cycle or some other clock cycle. In other

words, the circuits 4405 and 4410 can be reconfigured to perform a different operation in

every clock cycle of a set (e.g., 3 or more) of consecutive clock cycles.

In some embodiments, almost every multiplexer in the routing fabric is followed by a



timing adjustment storage elements, which is one of the storage elements described above by

reference to Figures 21-25 and 38-41. The low power sub-cycle reconfigurable conduit 4400

is also a timing adjustment storage element. A timing adjustment storage element allows time

borrowing and ensures time requirement being met. A timing adjustment storage element can

also be used to handle clock skewing.

The low power sub-cycle reconfigurable conduit 4400 is a clocked storage element.

Because a user clock cycle is much longer than a sub-cycle and a substantial portion of the

components of the circuit 4400 operates at the rate of the user clock cycle, the low power

sub-cycle reconfigurable conduit 4400 can efficiently hold a value for several sub-cycles

while consuming very little power.

In some embodiments, there is a low power sub-cycle reconfigurable conduit 4400 for

every physical LUT. So almost all LUT outputs can be stored in a low power sub-cycle

reconfigurable conduit by consuming little power and space. Since the low power sub-cycle

reconfigurable conduit 4400 is placed throughout the routing fabric, a rich resource is

available for implementing sub-cycle reconfigurable circuits at a very low cost.

The low power sub-cycle reconfigurable conduit 4400 can also provide an

inexpensive way to do clock domain crossing in a sub-cycle reconfigurable environment. The

low power sub-cycle reconfigurable conduit 4400 acts as the landing pad for the clock

crossing and handles the clock synchronization. For example, a signal from clock domain A

can be put into one of the registers 4430 and wait as many sub-cycles as needed to be

synchronized with clock domain B before being outputted by the low power sub-cycle

reconfigurable conduit 4400.

Figure 45 illustrates an alternative low power sub-cycle reconfigurable conduit 4500

for some embodiments. As shown in this figure, the circuit 4500 includes a source

multiplexer 4405, a destination multiplexer 44 10, a KMUX 4425, a master latch 4510, twelve

slave latches 4520-4531, and two configuration storage and configuration retrieval circuits

4415 and 4420. The one master latch 4510 and the twelve slave latches 4520-4531 effectively

form twelve master-slave flip-flops. An example implementation of master-slave flip-flop is

described above by reference to circuit sections 3975 and 3980 of Figure 39.

The source multiplexer 4405, the destination multiplexer 4410, the KMUX 4425, and

the configuration storage and configuration retrieval circuits 4415 and 4420 all perform the

same operations as describe above by reference to Figure 44. In some embodiments, twelve

of the sixteen inputs of the destination multiplexer 4410 come from outputs of the slave

latches 4520-4531. The other four inputs are a bypass enable signal, a constant "0" value, a



constant "1" value, and an additional input, e.g., the "init" input of the multiplexer 4410.

The master latch 4510 operates at the rate of the sub-cycle clock. At each sub-cycle,

the master latch 4510 saves a signal received from the source multiplexer 4405 and sends it to

one of its slave latches. Each of the twelve slave latches 4520-453 1 operates at the rate of the

user clock, but at different phase. At each sub-cycle, one of the slave latches 4520 is enabled

by its clock signal to saves the signal received from the shared master latch 4510 and holds it

for a duration equals to one user clock cycle before providing the signal to the destination

multiplexer 4410. In some embodiments, the slave latches 4520-4531 rotate and take turn at

every sub-cycle to save the signal coming from the master latch 4510. The low power conduit

4500 of some embodiments allows using user signal to enable the slave latches 4520-4531 so

that each of the slave latches can hold a value for more than one user clock cycle. In some

embodiments, each slave latch has a feedback path to send its output back to its input in order

to prevent bit flickering.

The circuit 4500 can perform all the features of the circuit 4400 described above.

Moreover, because the low power sub-cycle reconfigurable conduit 4500 have a shared

master latch 4510 for the twelve slave latches 4520, it saves space on the reconfigurable IC.

In addition, because the slave latches 4520-4531 operate at the rate of the user clock cycle,

the low power sub-cycle reconfigurable conduit 4500 can efficiently hold a value for several

sub-cycles while consuming very little power.

V. ARITHMETIC ELEMENTS WITHIN THE ROUTING FABRIC

In addition to having storage elements, the configurable routing fabric of some

embodiments further includes arithmetic elements that can configurably perform arithmetic

operations such as add and compare.

Figure 46 illustrates an arithmetic element 4600 that uses LUTs in the arithmetic

operations. As illustrated in this figure, the arithmetic element 4600 is a 4-bit adder that

operates through LUTs 0-3. The circuit 4600 includes the LUT 0-3, four propagate/generate

circuits 4625, 4630, 4635, and 4640, and four carry look-ahead logic blocks 4650, 4655,

4660, and 4665. The propagate/generate circuits 4625, 4630, 4635, and 4640 produces the

propagate (p) and generate (g) values for propagating and generating carry signals. The carry

look-ahead logic blocks 4650, 4655, 4660, and 4665 calculates carry input for each bit

position without having to wait for carry bit to propagate from less significant bit positions.

The LUTs 0-3 are used to compute the sum bits (s).

The LUTs 0-3 receive inputs from IMUXs 4605, 4606, 4607, and 4608, respectively.

Each LUT receives three inputs a, b, and c through its associated IMUX, where a and b are



one-bit binary values from each operand and c is a carry signal. The LUT then performs an

add operation on a, b, and c, and generates a sum s, which is equal to a Θ b Θ c . Each of the

four propagate/generate circuits 4625-4640 receives a and b as inputs and produces the

propagate and generate values accordingly. Each carry look-ahead logic block 4650 calculate

a carry signal for use by a LUT of the next more significant bit to calculate a sum s . Because

the carry look-ahead logic blocks 4650 calculate its own carry bits without waiting for carry

bits to propagate from less significant bits, the wait time to calculate the result of the larger

value bits is reduced.

Since LUTs are used for the arithmetic operations of the logic block 4600 (i.e., for

generating sum bits s), the arithmetic operations have to go through the LUTs and their

associated IMUXs. This requires the arithmetic element 4600 to be placed near the LUTs

involved in the arithmetic operations in order to minimize propagation delay. Furthermore,

the LUTs, when configured to generate the sum bits, cannot perform other operations. In

order to allow LUTs to freely perform other functions during the arithmetic operations and to

place arithmetic elements in the routing fabric, some embodiment provides an arithmetic

element that does not involve LUTs in its arithmetic operations and can be placed in the

routing fabric.

Figure 47 illustrates an example of a routing fabric 4710 that includes arithmetic

elements 4765 and 4770 that do not involve LUTs in their arithmetic operations. Some

embodiments refer to the arithmetic elements 4765 and 4770 as logic carry blocks (LCB). As

illustrated, LCBs 4765 and 4770 are located in the routing fabric 4710 of a configurable IC.

LCBs 4765 and 4770 perform arithmetic operations without using LUTs.

As illustrated in Figure 47, the circuit elements 4720-4760 include configurable logic

circuits, which in some embodiments include LUTs and their associated IMUXs. The outputs

from the circuit elements 4720-4760 are routed through the routing fabric 4710 where the

outputs can be stored within the storage elements of the routing fabric or be stored within the

circuit elements 4720-4760. In some embodiments, the storage elements 4775-4780 can be

transparent storage elements, clocked storage elements, or hybrid storage elements described

in previous sections.

The LCBs 4765 and 4770 are located in the routing fabric 4710 and can perform

arithmetic operations without involving any LUT. In some embodiments, the LCB 4765 is a

4-bit LCB that receives its inputs (i.e., operands) from multiple RMUXs such as RMUXs

4766 and 4767 and outputs the result of its arithmetic operation through RMUX 4768. The

LCB 4770 is an 8-bit parallel prefix LCB that receives its inputs (i.e., operands) through



multiple RMUXs such as RMUXs 4771 and 4772 and outputs the result of its arithmetic

operation through RMUX 4773. In some embodiments, each bit of input to a LCB comes

from a different RMUX.

Because LUTs are not involved in the arithmetic operations of the LCBs, the LCBs

4765 and 4770 do not have be closed coupled with any LUT. Furthermore, since LUTs are

not involved in the arithmetic operations of the LCBs, the LUTs are free to perform other

operations while the LCBs are performing the arithmetic operations. As illustrated in Figure

47, the LCB 4765 and the LCB 4770 are performing a particular arithmetic operation, while

the closest configurable logic circuits to these LCBs (the configurable logic circuits 4735,

4740, 4745, 4750, 4755, and 4760) are performing operations that are independent of the

arithmetic operations. This is because LUTs in configurable logic circuits are not required for

arithmetic operation performed by the LCBs.

A. Logic Carry Block (LCB)

Figure 48 illustrates an arithmetic element 4800 that does not involve LUTs in its

arithmetic operations (i.e., an LCB). The arithmetic element 4800 is similar to the arithmetic

element 4600. The LCB 4800 is also a 4-bit adder that includes the four propagate/generate

circuits 4625-4640 and the four carry look-ahead logic blocks 4650-4665. The

propagate/generate circuits 4625, 4630, 4635, and 4640 produces the propagate (p) and

generate (g) values for propagating and generating carry signals. The carry look-ahead logic

blocks 4650, 4655, 4660, and 4665 calculates carry input for each bit position without having

to wait for carry bit to propagate from less significant bit positions. However, instead of

LUTs, the LCB 4800 includes four XOR gates 4805-4820 and four KMUXs 4845-4860 for

computing and producing sum bits s .

Each XOR gate receives three inputs a, b, and c, where a and b are one-bit from each

operand and c is a carry signal. Each XOR gate generates a sum s, which is equal to

a Θ b Θ c . Each sum s is stored in one of the KMUXs 4845-4860 before being provided as

the summation result of the LCB 4800. Because the summation outputs s0-s3 of circuit 4800

go through KMUXs rather than latches, the LCB 4800 is able to provide its output in every

clock cycle rather than every other clock cycle. This doubles the output bandwidth of the

LCB circuit. The four propagate/generate circuits 4625-4640, the four carry look-ahead logic

blocks 4870, and the rest of the circuit 4800 behave exactly the same way as in circuit 4600

described above by reference to Figure 46.

Because the arithmetic operations of the LCB 4800 do not go through LUTs and their

associated IMUXs, the performance of the arithmetic operations by LCB 4800 is faster than



those performed by the logic block 4600 described above in Figure 46. Because the LUTs

are not involved in the arithmetic operations of the LCB 4800, the LCB 4800 does not have

to be closely coupled with the LUTs and therefore can be placed in the routing fabric of the

configurable IC. Moreover, the configurable IC becomes more efficient as the LUTs that

would have otherwise been assigned to perform arithmetic operations become available to

perform other functions.

Because the removing of LUTs from the arithmetic operations improves the

performance of the LCB, it becomes less important to include carry look-ahead logic, which

improves speed by consuming more power and area. Figure 49 illustrates a LCB 4900

without any carry look-ahead logic for some embodiments. The LCB 4900 is a 4-bit ripple

carry adder for performing addition or comparison on a pair of 4-bit binary numbers. As

illustrated in this figure, the circuit 4900 includes (1) a first set of four XOR gates 4905-4920

for generating propagate signals, (2) a second set of four XOR gates 4950-4956 for producing

summation results, (3) a set of four AND gates 4922-4928 for producing generate signals, (4)

a set of four two-to-one multiplexers 4932-4938 for generating carry signals, (5) two two-to-

one multiplexers 4930 and 4940, (6) a set of four KMUXs 4960-4975 for storing/outputting

summation results, (7) an AND gate 4948 for generating bypass control signal, and (8) a

KMUX 4945 for storing/outputting a carry out signal.

Each of the first set of XOR gates 4905-4920 receives two inputs a and b, each of

which is a single bit of the pair of 4-bit binary numbers for addition/comparison. The four

XOR gates 4905-4920 then generate four propagate signals p0-p3. The propagate signal p

equals to a ® b. Each of the four propagate signals p0-p3 serves as a control signal for one of

the set of four two-to-one multiplexers 4932-4938 and also as an input to one of the second

set of four XOR gates 4950-4956.

Each of the set of four AND gates 4922-4928 receives two inputs, one of which is a

and the other is the complement of a compare enable signal compare. The positive value of

the compare enable signal forces the circuit 4900 to perform comparison rather than addition.

As a result, the KMUX 4945 will output a compare out rather than a carry out. When the

compare enable signal is negative, the set of four AND gates 4922-4928 performs regular

addition operation by producing four generate signals g0-g3. The generate signal g equals to

a. Each of the four generates signals g0-g3 serves as an input to one of the set of four two-to-

one multiplexers 4932-4938.

Each of the second set of XOR gates 4950-4956 receives two inputs p and c, where p

is a propagate signal generated by a corresponding XOR gate in the first set of XOR gates



4905-4920 and c is a carry signal that comes from the next less significant bit. The second set

of XOR gates 4950-4956 then generate four summation results s0-s3. Each bit of the

summation result s equals t p ®c, which is essentially a ® b ®c. The four-bit summation

result s0-s3 is then sent to the set of four KMUXs 4960-4975.

Each of the set of four two-to-one multiplexers 4932-4938 receives two input g and c

and is controlled by p , where g is a generate signal produced by a corresponding AND gate in

the set of AND gates 4922-4928, c is a carry signal that comes from the next less significant

bit, and p is a propagate signal generated by a corresponding XOR gate in the first set of

XOR gates 4905-4920. The set of four two-to-one multiplexers 4932-4938 then produces

four carry signals cl-c4. Each of the produced carry signal c equals to (a*b) +(c*(a Θ b)).

Each produced carry signal is provided as the carry in signal for the next two-to-one

multiplexer and as an input for an XOR gate of the second set of four XOR gates 4950-4956

that is for the next more significant bit.

The set of four KMUXs 4960-4975 receives summation outputs s0-s3 from the

second set of XOR gates 4950-4956 and outputs them as the summation results of the adder

4900. The four KMUXs 4960-4975 are controlled by the same select signal sojsel, thus form

a bussed KMUX block 4980. As a result, the four KMUXs 4960-4975 either all act as

transparent wires or all act as master-slave flip flops in transmitting the summation results.

Because the four KMUXs 4960-4975 share the same configuration signal rather than each of

them having its own configuration signal, significant saving is achieved by eliminating three

configuration signals. For the same reason, bussed KMUXs occupy less physical area and

consume less power. In addition, bussed KMUXs maintain the same performance advantage

achieved by individual KMUXs, i.e., transmitting data in every clock cycle rather than in

every other clock cycle.

The two-to-one multiplexer 4930 selects either a global carry signal fabric_cin or a

local carry signal co(-4, 0) as the initial carry in signal cO, which is provided as an input to

the XOR gate 4950 and as an input to the multiplexer 4932. The two-to-one multiplexer 4930

makes its selection based on a carry bypass enable signal cbe. When the carry bypass enable

signal is positive, the local carry signal is selected. When the carry bypass enable signal is

negative, the global carry signal is selected.

The AND gate 4948 receives the carry bypass enable signal and propagate signals pO-

p 3 as inputs and generates a bypass control signal based on them. The two-to-one multiplexer

4940 determines whether this carry logic block should be bypassed based on the bypass



control signal generated by the AND gate 4948. When the bypass control signal is positive,

the current carry logic is bypassed and the multiplexer 4940 selects the local carry in signal

from the previous carry block. When the bypass control signal is negative, the multiplexer

4940 selects the carry signal c4 produced by the multiplexer 4938. The KMUX 4945 received

the carry signal produced by the multiplexer 4940 and outputs it as the carry out signal for the

adder 4900.

The adder 4900 receives a pair of 4-bit operands and performs bit-wise XOR

operations through the first set of XOR gates 4905-4920 to generate and propagate signals.

Each bit of one of the operands is goes through one of the set of AND gates 4922-4928 to

produce generate signals. Each generate signal produced by the set of AND gates 4922-4928

severs as an input to one of the set of two-to-one multiplexers 4932-4938. Each of the set of

two-to-one multiplexers 4932-4938 takes a carry signal from the next less significant bit as

another input and makes a selection based on a propagation signal generated by the first set of

XOR gates 4905-4920. The selection result is provided as a carry signal to the next more

significant bit. Each of the second set of XOR gates 4950-4956 receives two inputs, one of

which is a carry signal from the next less significant bit and the other is a propagation signal

generated by the first set of XOR gates 4905-4920. The second set of XOR gates 4950-4956

produce a 4-bit summation result s0-s3 and sends it to the set of KMUXs 4960-4975 for

storing/outputting as summation result of the adder 4900.

The two-to-one multiplexer 4940 determines whether this carry logic block should be

bypassed based on the bypass control signal generated by the AND gate 4948. When the

carry bypass enable (cbe) signal is asserted and all the propagate signals p0-p3 have positive

values, the current carry logic is bypassed and the multiplexer 4940 selects the local carry in

signal from a previous carry block. When the bypass control signal is not asserted, the

multiplexer 4940 selects the carry signal c4 produced by the multiplexer 4938. The KMUX

4945 received the carry signal produced by the multiplexer 4940 and outputs it as the carry

out signal for the adder 4900.

The LCBs describe thus far are 4-bit LCBs. To create a LCB or an arithmetic element

in the routing fabric wider than 4-bits, some embodiments cascade multiple 4-bit LCBs

together by linking their carry chains (e.g., by linking their carry-in / carry-out ports). In

some embodiments, such links are provided by routing multiplexers in the routing fabric. In

some embodiments, the carry-out signals linking LCBs in the fabric are intermediately stored

in storage elements of the routing fabric as those described above in Sections III and IV.

B. Parallel Prefix Adders



The LCB 4900 is a 4-bit ripple carry adder. It is a serial adder that is efficient in gate

usage, but its performance is limited by the propagation delay from the least significant bit

position to the most significant bit position. In order to provide arithmetic elements with less

propagation delay, the routing fabric of some embodiments includes at least some LCBs that

are parallel prefix adders. Parallel prefix adders require more logic gates per bit position, but

they are faster performing and thus capable of supporting wider LCBs.

In some embodiments, at least some of the arithmetic elements in the routing fabric

are implemented as 8-bit parallel prefix adders. Parallel prefix adders offer a highly efficient

solution to the binary addition problem that involves larger number of bits. Assume that

A = a _ a _ - a and B = b _ b _ - b represent the two numbers to be added and

= _ _ · · ·¾denotes their sum. An adder can be considered as a three-stage circuit. The

preprocessing stage computes the carry-generate bits g , the carry-propagate bits p and the

half-sum bits d , for every i, 0 < ≤ «-l , according to: g i = )i , p i = ai +bi , and

d i = a Θ bi . The second stage of the adder computes the carry signals c i using the carry

generate and propagate bits g and p i , while the final stage computes the sum bits according

to, s = di Θ ;_ .

A parallel prefix circuit with n inputs x ,x ,---,x computes, in parallel, n outputs

y , y , ,y„ using an arbitrary associative operator o as follows:

y = x l ° x ,

y i = x x x v

Carry computation can be transformed to a prefix problem using the associative

operator o , which associates pairs of generate and propagate bits as follows:

(g, p ) ° (g',p r) = g p ·g',P · p')

In a series of consecutive associations of generate and propagate pairs (g, p), the

notation (Gt J ,P .j ) is used to denote the group generate and propagate term produced out of

bits k, k-1, that is,

G j ,P j ) = ( ,p k ) gk ,p k ) °· · ·° g J+1 ,p + ) ° g j ,Pj )

Following the above definition, each carry c i is equal to G,0.

The prefix operator o is idempotent, i.e., (g, p) o(g, p) = (g, p). The generalization of



the idempotency property allows a group term to be derived by the association of

two overlapping terms, and (Gm:j.,Pm.j ) , with i > m ≥ k>j, since

(G, ,. l > ) (G,
:
. l ) G„. ,. l ,).

There are many ways to perform the prefix computation. Serial-prefix structures such

as ripple carry adders are compact but have a latency of O(N). Parallel prefix circuits use a

tree network to reduce the latency to 0(log N) and are widely used in circuits that perform

prefix computations. An ideal prefix network has log N stages of logic, a fan-out never

exceeding 2 at each stage, and no more than one horizontal track of wire at each stage.

There are many different types of parallel prefix networks. Different embodiments use

different arrangements of prefix cells to implement its parallel prefix network based LCB.

Figures 50 and 51 illustrate two LCBs based on different parallel prefix networks. Figure 50

illustrates a LCB 5000 that is implemented as an 8-bit "Sklansky" parallel prefix adder for

some embodiments. As shown in this figure, the circuit 5000 includes eight boxes 5010 at the

top, thirteen circles 5040 in the middle, eight XOR gates 5050 at the bottom, two bussed

KMUX block 5050 and 5055 for outputting summation result, an AND gate 5020 for

generating a compare out signal, a KMUX 5030 for outputting the compare out signal, and a

KMUX 5035 for outputting a carry out signal.

The boxes 5010 at the top perform the preprocessing stage computation. Each box

5010 includes an XOR gate 5012, an AND gate 5015, and an OR gate 5018, each of which

takes a and bi as inputs and produces d , g , and p respectively. The XOR gates 5050 at

the bottom perform the final stage computation. Each XOR gate 5050 takes d and as

inputs and produces s i as the summation result.

In the middle, the circles 5040 perform the second stage computation. The prefix

network 5060 comprises the circles 5040. Each circle 5040 includes an OR gate 5042, two

AND gates 5045 and 5048. The AND gate 5045 receives P . and G . as inputs and sends its

output to the OR gate 5042. The OR gate 5042 receives the output of the AND gate 5045 and

Gt as inputs and produces GtJ . The AND gate 5048 receives P and P . as inputs and

generates P....

The LCB 5000 generates 8-bit of summation output that are outputted by the bussed

KMUX blocks 5050 and 5055. Details of the bussed KMUX blocks are described above by

reference to Figure 49. There are separate outputs 5035 and 5030 for outputting the carry out

and compare out signals, in contrast to sharing the same output for carry out and compare out



signals in previous LCB examples.

Each connection between any of the boxes 5010, circles 5040, and XOR gates 5050

represents a dependency between two nodes. For any two nodes, as long as there is no

dependency between them, their computations can be performed in parallel. That is the

reason the parallel prefix adders are more efficient than those traditional ripple carry adders

in terms of performance.

Figure 51 illustrates a LCB 5100 that is implemented as a 8-bit "Ladner-Fisher"

adder. As shown in this figure, the LCB 5100 includes eight boxes 5 110 at the top, twelve

circles 5140 in the middle, and eight XOR gates with carry select 5150 at the bottom.

The boxes 5 110, the circle 5140, and the XOR gates 5150 are the same as the ones

described above by reference to Figure 50. However, the prefix network 5160 is different

from the prefix network 5050 in Figure 50. The connections between nodes (circles) in the

prefix network are different. As a result, the LCB 5100 requires different area and/or timing

than the LCB 5000.

Different types of parallel prefix adders manifest trade-offs among factors such as

number of logic levels, fan-out, and horizontal wiring tracks. Any trade-off between these

factors impact performance as well as area. Although the above-described parallel prefix

networks generally make reasonable tradeoffs between logic levels, fan-out and number of

horizontal wiring tracks between logic levels, they do not cover all possible points in the

design space. Hence, they are not necessarily the optimal parallel prefix networks under

certain assumptions for relative costs between logic levels, fan-out and wiring tracks.

As mentioned above, 4-bit LCBs can be cascaded together by linking their carry-in /

carry-out terminals to form arithmetic elements in the routing fabric that are than 4-bits.

Parallel prefix LCBs as described above can likewise be cascaded together and form

arithmetic elements in the routing fabric that are wider than 8-bits. One of ordinary skill

would realize that, for embodiments with both 4-bit LCBs and 8-bit parallel prefix LCBs in

the routing fabric, a wider arithmetic element can be created by linking both 4-bit LCBs and

8-bit parallel prefix LCBs. In some embodiments, the carry-out signals linking LCBs in the

fabric are intermediately stored in storage elements of the routing fabric as those described

above in Sections III and IV.

C. Wide XOR output

Some embodiments of LCB produce a wide XOR output that is the XOR of all input

bits (8-bit total, 4 from each operand). Figure 52 illustrates an LCB 5200 that provides the

wide XOR output by using a dedicated XOR gate 5210, the operation of which will not



interfere with add or compare operation of the LCB. Figure 53 illustrates an LCB 5300 that

provides the wide XOR output by reusing XOR gates that are also used for performing the

arithmetic operations. As illustrated in Figure 53, the wide XOR output is provided at the

output of XOR gate 4956 and is generated by using XOR gates 4905, 4952, 4954, and 4956.

The LCBs 5200 and 5300 are similar to the LCB 4900 of Figure 49 except for the

inclusion of the wide XOR outputs. It should be apparent to one of ordinary skill in the art

that the wide XOR output illustrated in Figures 52 and 53 can also be applied to other

embodiments of LCBs, e.g., to a parallel prefix LCB as illustrated in Figure 50 and 51.

D. Using Different Elements in the Routing Fabric

As mentioned above, the configurable routing fabric of some embodiments is formed

by configurable RMUXs 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. The routing fabric of some embodiments

further includes configurable transparent (i.e., unclocked) storage elements, as well as

configurable and non-configurable non-transparent (i.e., clocked) storage elements. In some

embodiments, the routing fabric further includes arithmetic elements.

Having a mixture of configurable storage elements and arithmetic element in the

routing fabric is highly advantageous. For instance, clocked storage elements allow data to be

stored every reconfiguration cycle (or sub-cycle), while transparent storage elements can

store data for multiple reconfiguration cycles. In addition, clocked storage elements allow

new data to be stored at the input during the same clock cycle (or sub-cycle) that stored data

is presented at the output of the clocked storage element. Furthermore, arithmetic element

allows arithmetic computation to take place as between storage elements of the routing fabric

as well as between configurable tiles.

Figure 54 illustrates placements of some embodiments of the storage elements and

arithmetic elements described above. For instance, in some embodiments, clocked storage

element 5410 may be placed within the routing fabric 5420 of the IC. Likewise, in some

embodiments, unclocked storage element 5440 may be placed within the routing fabric 5420

of the IC. In some embodiments, unclocked storage element 5460 may be placed within the

routing fabric 5420 of the IC. Similarly, in some embodiments, unclocked storage element

5480 may be placed within the routing fabric 5420 of the IC.

In some embodiments, hybrid storage element 5415, which is described in detail

above by reference to Figures 21-25, may be placed within the routing fabric 5420 of the IC.

Likewise, in some embodiments, hybrid storage element 5425, which is described in detail



above by reference to Figures 38-42, may be placed within the routing fabric 5420 of the IC.

In some embodiments, arithmetic element 5435, which is described in detail above by

reference to Figures 48-53, may be placed within the routing fabric 5420 of the IC. In some

embodiments, multiple storage elements may be placed within the routing fabric 5420 of the

IC. In some embodiments, multiple types of storage elements may be placed within the

routing fabric 5420 of the IC.

In addition to alternative placement of storage elements, while many examples given

above were shown with certain sub-elements (e.g., the flip-flops 2945 of storage element

2940, or the cross-coupled inverters 1970 of storage element 1920, etc.), one of ordinary skill

in the art will recognize that other sub-elements may be used. For example, in other

embodiments of storage element 2940, the flip-flops 2945 could be replaced with storage

elements that are controlled by configuration data, or in other embodiments of the storage

element 1920 the cross-coupled inverters 1970 could be replaced by cross-coupled pull-down

transistors.

One of ordinary skill in the art will recognize that the examples given above are for

illustrative purposes only. For example, other embodiments may place the storage elements in

other locations within the IC (e.g., memory, at the input and/or output stages, etc.).

VI. POWER REDUCTION IN CONFIGURABLE INTEGRATED CIRCUITS

In some configurable ICs, configurable interconnect and configurable logic 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 it's useful to

reduce the amount of power drawn by these configurable ICs.

A. Using Storage Elements to Prevent Bit Flicker

Some embodiments use a combination of storage and interconnect circuits to perform

functions other than storage operations. For instance, Figure 55 illustrates a process 5500 for

using the storage element in the routing fabric to prevent bit flicker, thus reducing power

consumption. As shown, the process receives (at 5505) a user design that includes multiple

user operations. The process next assigns (at 5510) user operations to the reconfigurable

circuits of the IC (for example, the reconfigurable circuits 1810 and 1820 of Figure 18).

Next, the process 5500 identifies (at 5515) a list of any reconfigurable circuits that have

unexamined outputs during particular reconfiguration cycles (e.g., the circuits 1810 and 1820

from the example of Figure 18) and that are associated with one or more reconfigurable



storage circuits (e.g., the circuit 1805 from the example of Figure 18). A storage element is

defined to have an association with a reconfigurable circuit when an output of the

reconfigurable circuit is directly connected to an input of the reconfigurable storage circuit, or

when an output of the reconfigurable storage circuit is directly connected to an input of the

reconfigurable circuit.

The process then retrieves (at 5520) the first reconfigurable circuit in the list and

identifies (at 5525) a storage circuit that is associated with the retrieved reconfigurable

circuit. The process 5500 next defines (at 5530) a configuration for the associated storage

circuit such that it holds the value that it was outputting in a reconfiguration cycle prior to the

particular reconfiguration cycle. The storage circuit may be configured to either pass-through

a value from its input to its output during a particular reconfiguration cycle, or hold a value

that it was outputting during a previous reconfiguration cycle. This prevents unnecessary

transitions at the output of the identified storage element, for instance at the output of storage

circuit 1805 from the example of Figure 18. In some cases, the load presented by the section

of wire leading from the output of the latch 1805 to the input 1830 of the next circuit 1820 is

significant, and thus eliminating unnecessary transitions can produce substantial power

savings.

The process 5500 next determines (at 5535) whether the storage circuit is at the output

of the reconfigurable circuit at an input of the reconfigurable circuit. When the process 5500

determines that the storage circuit is connected to the output of the reconfigurable circuit, the

process proceeds to 5545. When the process 5500 determines that the storage circuit is

connected to the input of the reconfigurable circuit, the process defines (at 5540) a

configuration for the reconfigurable circuit to select the input that is connected to the storage

circuit's output. As such, bit flicker at the output of the reconfigurable circuit is prevented

because the value latched by the storage circuit is selected as the input of the reconfigurable

circuit.

Finally, the process 5500 determines (at 5545) whether there are any other

reconfigurable circuits in the list. If so, the process repeats the operations 5520-5545 until all

the reconfigurable circuits in the list have been addressed, at which point the process ends.

B. Sub-Cycle Reconfiguration Signal Gating

The ICs of different embodiments implement the reconfiguration process in different

ways. Figure 56 conceptually illustrates a sub-cycle reconfigurable circuit 5600 that is

controlled by a set of select lines 5650 of multiplexers 5635-5638 for supplying configurable

circuit data. As shown, the configuration circuits are implemented as the set of 4 to 1



multiplexers 5635-5638. The group of circuits 5600 includes 16 configuration cells 5605, a

set of four select lines 5650 that feed into the selects terminals of the four multiplexers 5635-

5638, and a set of two input lines 5615 for a LUT 5680 with one output line 5690.

Each of the configuration cells 5605 stores one bit of configuration data. In some

embodiments, the select lines 5650 receive a selection of a new active input for the

multiplexers 5635 in each sub-cycle. Based on the select lines 5650, the multiplexers 5635-

5638 selectively connect the 16 configuration cells 5650 to the configurable LUT 5680. That

is, the multiplexers 5635 sequentially provide four sets of configuration data to the LUT

5680, one set of four bits per sub-cycle. LUT 5680 provides the value of one of the four

configuration bits supplied in a given sub-cycle as output on output line 5690. The input lines

5615 provide the input data for the LUT 5680. The input data on lines 5615 determine which

of the supplied configuration values will be supplied as the output of the LUT 5680.

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 5610, sub-cycle counter 5620, select driver 5630, and logic table 5640. The sub-cycle

clock 5610 provides a sub-cycle clock signal. The sub-cycle counter 5620 keeps track of

which sub-cycle is the reconfigurable circuit 5610 currently operating in. The select driver

5630 drives the appropriate signal line 5650 in each sub-cycle. Table 5640 shows one

implementation of a logic table that translates sub-cycle numbers to active select lines.

For each sub-cycle, the sub-cycle clock 5610 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

each sub-cycle). The sub-cycle counter 5620 keeps track of what the present sub-cycle is. In

some embodiments, the sub-cycle counter 5620 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 5630

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 5630 then activates

whichever select line (among select lines 5650) corresponds to the present sub-cycle. The

select driver 5630 may be described as "driving" the active select line 5650, or even

"driving" one or more reconfigurable circuits. For example, the select line 5630 can be

described as driving LUT 5680.



Table 5640 shows a logical conversion of binary values from the counter 5620 to

active select line 5650. The left column of table 5640 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 5605 for each

multiplexer 5635 to connect to the output of that multiplexer. If a configuration cell 5605 of

one multiplexer 5635 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 5605 of the previous sub-cycle, then changing the

"hot" select line changes the output of that multiplexer 5635 from one sub-cycle to the next.

Changing the output of the multiplexer changes the value of the configuration bit presented to

reconfigurable LUT 5680.

If a configuration cell 5605 of one multiplexer 5635 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 5605

of the previous sub-cycle, then changing the "hot" select line does not change the output of

that multiplexer 5635 from one sub-cycle to the next. Therefore, the value of the

configuration bit presented to reconfigurable LUT 5680 by that multiplexer 5635 would not

change.

The sub-cycle reconfigurable circuit 5600 of Figure 56 is a four sub-cycle system

having a logic circuit with four configuration bits in any given sub-cycle. Four configuration

bits are enough bits to configure the two-input LUT 5680. 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 Figure 56, the ICs 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. The reconfigurable circuit in Figure 56 is shown

as a LUT; however, any reconfigurable circuit can receive configuration data from such a

circuit arrangement or other circuit arrangements.

During the sub-cycle reconfiguration, the fewer configuration bits of a configurable

circuit that are changed from one sub-cycle to the next, the less energy is used. In some

embodiments, a configurable circuit that does not have any configuration bits changed in a

given sub-cycle presents an opportunity for saving even more energy.

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 5635) 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 "1").

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. 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 SCI".

There are three circumstances in which none of the configuration values driven by a

particular select driver change. The first circumstance is if 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

if 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 be 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 if 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.

In some embodiments, when no circuits in a row are due to change configuration, the

select driver for that row maintains the same select line as active. Figure 57 illustrates a

gating circuit that selectively maintains the select line of a previous sub-cycle. As shown in

this figure, the circuitry 5700 includes a select driver 5710, input lines 5720 and 5722, a

space-time (ST) counter 5730, a sub-cycle (SC) gate 5740, a NAND-gate 5750, an OR-gate

5760 with inputs 5762 and 5764, an AND-gate 5770, and a logic table 5780.

The select driver 5710 drives select lines for selecting among the pre-loaded

configurations of its associated reconfigurable circuits (e.g., configurable LUTs, RMUXs,

etc.) during specific sub-cycles. The input lines 5720 and 5722 receive signals from a sub-

cycle clock. The ST Counter 5730 keeps track of which sub-cycle the IC is implementing.

The SC gate 5740 is a multiplexer connected to data storage units that store data relating to

the configuration in each sub-cycle. NAND-gate 5750 outputs a negative result when both of

its inputs are positive and a positive result otherwise. OR-gate 5760 outputs a positive result

if either of its inputs is positive and a negative result if neither of its inputs is positive. Input

5762 receives a signal from a user sub-cycle gate and input 5764 receives a signal (e.g., a

configuration bit value) from a static sub-cycle gate. AND-gate 5770 outputs a positive result

if both its inputs are positive and a negative result otherwise. Logic table 5780 shows which

sets of inputs from various sources will allow or block the sub-cycle clock signal on input

line 5722.

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 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.

Like select driver 5630 in Figure 56, the select driver 5710 receives signals from an



ST counter 5730 that identifies the current sub-cycle. The select driver 5710 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 5630 in Figure 56, the select driver 5710 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 5710 changes the active select

line only when it also receives a clock signal through AND-gate 5770.

For example, if the ST counter 5730 sends a signal indicating that the current sub-

cycle has changed from sub-cycle 4 to sub-cycle 5 and the AND-gate 5770 passes a clock

signal to select driver 5710 in that sub-cycle, then the select driver 5710 will switch from

driving select line 4 to driving select line 5. In contrast, if the ST counter 5730 indicates a

change from sub-cycle 4 to sub-cycle 5, but AND-gate 5770 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 5710 will continue to drive the same

select line until it receives a clock signal through AND-gate 5770. Once the select driver

5710 receives a clock signal through AND-gate 5770, the select driver 5710 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.

The circuitry connecting to the upper input of the AND-gate 5770 ensures that the

clock signal passes through AND-gate 5770 in sub-cycles in which the configuration bits

controlled by the select driver 57 10 are supposed to change. The circuitry also ensures that

the clock signal does not pass through the AND-gate 5770 in sub-cycles in which the

configuration bits controlled by the select driver 5710 are not supposed to change.

Configuration cells (not shown) connected to the inputs of SC gate 5740 store data for each

sub-cycle. The data identify sub-cycles in which no circuits driven by select driver 5710 need

a change of configuration. This figure illustrates an SC gate 5740 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 5710 is needed.

The placement and routing processes of some embodiments define configuration values to

store in the configuration cells of SC gate 5740 based on the identified sub-cycles. For

example, in the embodiment of Figure 57, 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 5710 is needed.

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 NA D gate 5750 or OR

gate 5760. However, the gating circuitry illustrated in Figure 57 uses other inputs in

combination with the data in the SC gate 5740 to determine whether to block the clock signal.

Here, the SC gate 5740 and at least one of the inputs 5764 and 5762 of OR-gate 5760 must

cooperate to block the clock signal. This is shown in logic table 5780. The clock signal passes

through AND gate 5770 unless the output of the SC gate 5740 is "1" and at least one of the

User SC gate (input 5762) and the Static SC gate (input 5764) is "1".

If the SC gate 5740 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 5710 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 57 allows the clock to be

blocked either in every instance of any given sub-cycle or in instances selected by the user

design.

In some embodiments, the Static SC gate on input 5764 will be defined to be "1" by

the placement and routing program when there are no sub-cycles in which the clock input of

the select driver 5710 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

5740 is set to "1". Alternatively, if there are sub-cycles in which the clock input of the select

driver 5710 needs to be blocked intermittently, the Static SC gate 5764 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.

While the IC of some embodiments use the specific circuits shown in Figure 57, 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. This and other alternative set of

circuits that implement sub-cycle reconfiguration signal gating are further described in

International PCT Application WO 201 1/123151.



C. Runtime Clock Gating

Bit flickering causes noise and consumes power. One can reduce power consumption

within the IC by reducing bit flickering in the IC fabric. Bit flickering in the IC fabric can be

reduced by closing storage elements that flickers so that the outputs of those closed storage

elements neither flicker nor propagate flickers. This type of flicker prevention can be done at

compile time by setting configuration bits to close the storage elements, as described above

by reference to Figures 55.

An alternative approach is to perform bit flicker prevention during runtime. One

approach is to perform clock gating on storage elements that flickers. Clock gating saves

power by disabling portions of the circuitry to prevent bit flickering. However, clock gating

usually requires adding additional hardware to the IC and may introduce delay. Another

approach is to force an output multiplexer of a KMUX or YMUX to select a quiet path (e.g.,

a path with storage elements that are closed) by having the configuration retrieval circuit of

the output multiplexer supply a default value (e.g., 0) to the select line of this multiplexer. As

a result, the signals outputted by the output multiplexers remain constant and power

consumption of the circuit is reduced.

In some embodiments, a user signal is used to force the configuration retrieval circuit

during runtime into supplying the default value in order to force the selection of the quiet

path. In some embodiments, such a signal is referred to as the "consort" signal, and the

configurable interconnect circuit (such as a KMUX or YMUX) being forced into the power

saving mode in such a manner is referred to as being driven into the "consort" mode.

Figure 58 illustrates an example runtime flicker prevention circuit 5800 that forces a

output multiplexer of a YMUX to select a quiet path. The YMUX includes a parallel

distributed output path for configurably providing a pair of storage elements, in which one of

the pair of storage element is closed and does not flicker. As shown in Figure 58, the

circuitry 5800 includes an RMUX/YMUX pair 5815, a row configuration controller 5850,

and a set of configuration retrieval multiplexers 5875, 5865, and 5870 for selecting

configuration data from associated configuration data storages.

The RMUX/YMUX 5815 performs routing and storage operations by distributing an

output signal of a RMUX 5810 through a parallel path (including configurable storage

elements 5825 and 5830) to inputs of a 2:1 output multiplexer 5820. The parallel path

includes a first path and a second path. The first path passes the output of the RMUX 5810

through the configurable storage element 5825, where the output may be optionally stored

(e.g., when the storage element 5825 is enabled) before reaching a first input of the output



multiplexer 5820. The second path runs in parallel with the first path and passes the output of

the RMUX 5810 through the configurable storage element 5830, where the output may be

optionally stored (e.g., when the storage element 5830 is enabled) before reaching a second

input of the output multiplexer 5820.

The same configuration bit retrieved from the configuration retrieval multiplexer 5865

controls both storage elements 5825 and 5830. The configuration bit controls storage element

5825 while the inverted version of the configuration bit controls storage element 5830. As a

result, when one of the storage elements 5825 and 5830 is enabled (closed or storing a

signal), the other one is disabled (open or passing a signal), and vice versa. A configuration

bit retrieved from the configuration retrieval multiplexer 5870 selects either the output from

storage element 5825 or the output from storage element 5830 as the output of the

multiplexer 5820. The four configuration retrieval multiplexers 5875 provide configuration

bits to the RMUX 5810 for selecting one of 16 inputs of the RMUXS 5810 as output to the

parallel path that includes 5825 and 5830.

As illustrated in Figure 58, each of the configuration retrieval multiplexers is

associated with eight configuration data storages. Each of the eight associated configuration

data storages stores a configuration data bit for a particular reconfiguration sub-cycle. The

configuration retrieval multiplexers receive a set of select lines 5855 from the row

configuration controller 5850. Based on the received select lines 5855, each of the

configuration retrieval multiplexers (5875, 5865, and 5870) selects one of the associated

configuration bits as its output. In some embodiments, each of the configuration retrieval

multiplexers is associated with more than eight configuration data storages (e.g., 12 or 16),

and each of those associated configuration data storages stores a configuration data bit for a

particular reconfiguration sub-cycle.

The row configuration controller 5850 includes a select driver 5845 and a consort

processor 5840. The select driver 5845 drives select lines 5855 for selecting among the stored

configuration bits (e.g., configuration bits 1-8) for the configuration retrieval multiplexers

5875, 5865, and 5870. Runtime flicker prevention is accomplished by the consort signal

5880. When the consort signal 5880 is asserted, the consort processor 5840 drives the select

driver 5845 into the consort mode. The consort processor 5840 receives the consort signal

5880 and decides whether to pass on the consort signal to the select driver 5845 based on one

or more configuration and/or status bits.

The select driver 5845 in consort mode drives the select lines 5855 so the

configuration retrieval multiplexers 5865 and 5870 each select their "init" inputs. An "init"



input is an input that is hardwired to a default value (e.g., ground) rather than from a loadable

configuration data storage circuit. In some embodiments such as the example circuit 5800 in

which there are 8 associated configuration data storages for each of configuration retrieval

multiplexers 5865 and 5870, the init inputs are the 9th input of the configuration retrieval

multiplexers. In some embodiments in which there are different number of associated

configuration data storages for each of the configuration retrieval multiplexers (e.g., 12 or

16), the init inputs can be another input of the configuration retrieval multiplexer.

The init inputs of configuration retrieval multiplexers keep storage elements in the

routing fabric at a known state before the chip is configured. When the init inputs of

configuration retrieval multiplexers 5865 and 5870 are selected during runtime (i.e., consort

mode), zeros are outputted as the configuration bits to the RMUX/YMUX 5815. The zeroed

configuration bits under consort mode force the storage circuit 5825 to be open and the

storage circuit 5830 to be closed. The zeroed configuration bits also force the output

multiplexer 5820 to select the closed storage elements 5830 as its output 5860. Consequently,

the output 5860 remains stable and bit flicker is prevented. The consort signal 5880

essentially forces zeros out of the configuration retrieval multiplexers without actually having

zeros stored in their associated configuration data storages.

In some embodiments, further power saving at the RMUX/YMUX pair 5815 can be

accomplished by selecting the init inputs of the configuration during certain sub-cycles. Some

of these embodiments make compile time determination as to during which sub-cycles the

init inputs is to be selected. For several consecutive sub-cycles that the RMUX/YMUX pair

5815 needs to be put into sleep to save power consumption, the init inputs of configuration

retrieval multiplexers 5865 and 5870 are selected in the first of the consecutive sub-cycle to

force the output multiplexer to select the closed storage element 5830. The select lines 5855

are then frozen in the subsequent consecutive sub-cycles to further save power.

The consort signal 5880 is a signal that is identified and routed by a placement and

route software. The software determines which logic circuits can be put to power saving

mode (i.e., consort mode) together as a group during certain sub-cycles and identifies the

consort signal accordingly. Unlike compile time flicker prevention which control flicker

prevention at component level by setting specific configuration bits, the consort signal 5880

in some embodiments overrides the stored configuration bits to an entire row of components.

This is because the select signals from the select lines 5855 are generated for the entire row

of configuration retrieval multiplexers 5875, 5865, and 5870. Anytime the consort signal

5880 is asserted, the entire row of configuration retrieval multiplexers 5875, 5865, and 5870



are forced to select their init inputs. The routing of the consort signal 5880 is thus constrained

by hardware architecture that determines which components are in the same row. In some

embodiments, the placement and route software also makes sure that a circuit that generates

the consort signal to put a group of circuits into sleep cannot itself be put into sleep by

another consort signal.

Figure 59 illustrates another example runtime flicker prevention circuit that forces an

output multiplexer of a KMUX to select a quiet path. The KMUX includes a parallel

distributed output path for controllably providing a clocked storage element and a direct

connection. As shown in Figure 59, the circuitry 5900 includes a RMUX/KMUX pair 5905,

a row configuration controller 5950, and a set of configuration retrieval multiplexers 5975

and 5970 for selecting configuration data from associated configuration data storages.

The RMUX/KMUX pair 5905 performs routing and storage operations by distributing

an output signal of a RMUX 5910 through a parallel path (including a clocked storage

element 5930 and a direction connection 5935) to inputs of a 2:1 output multiplexer 5920.

The parallel path includes a first path and a second path. The first path passes the output of

the RMUX 5910 through the clocked storage element (i.e., conduit) 5930, where the output

will be stored every clock cycle (or sub-cycle, configuration cycle, reconfiguration cycle,

etc.) before reaching a first input of the output multiplexer 5920. The second parallel path

5935 runs in parallel with the first path and passes the output of the RMUX 5910 directly to a

second input of the output multiplexer 5920.

A clock signal controls the conduit 5930. A configuration bit retrieved from the

configuration retrieval multiplexer 5970 selects from either the first path or the second path

as the output 5960 of the multiplexer 5920.

The four configuration retrieval multiplexers 5975 provide configuration bits to the

RMUX 5910 for selecting one of 16 inputs of the RMUX 5910 as output to the parallel path

(5930 and 5935). The configuration retrieval multiplexer 5970 provides configuration bit to

the output multiplexer 5920 for selecting a signal from either the direction connection 5935

or the conduit 5930 as the output 5960 of the output multiplexer 5920.

As illustrated in Figure 59, each of the configuration retrieval multiplexers has eight

configuration data storages associated with it. Each of the eight associated configuration data

storages stores a configuration data bit for a particular reconfiguration sub-cycle. The

configuration retrieval multiplexers receive a set of select lines 5955 from the row

configuration controller 5950. Based on the received the select lines 5955, each of the

configuration retrieval multiplexers (5970 and 5975) selects one of the associated



configuration bits as its output. In some embodiments, each of the configuration retrieval

multiplexers is associated with more than eight configuration data storages (e.g., 12 or 16),

and each of those associated configuration data storages stores a configuration data bit for a

particular reconfiguration sub-cycle.

The row configuration controller 5950 includes a select driver 5945 and a consort

processor 5940. The select driver 5945 drives select lines 5955 for selecting among the stored

configuration bits (e.g., configuration bits 1-8) for the configuration retrieval multiplexers

5975 and 5970. The consort processor 5940 receives a consort signal 5965 as input. When the

consort signal 5965 is asserted, the consort processor 5940 determines whether to drive the

select driver 5945 into consort mode based on one or more configuration and/or status bits.

Runtime flicker prevention is accomplished by the consort signal 5965. When the

consort signal 5965 is asserted, the consort processor 5940 drives the select driver 5945 into

the consort mode. The select driver 5945 in consort mode drives the select lines 5955 so the

configuration retrieval multiplexers 5975 and 5970 each select their "init" inputs. An "init"

input is an input that is hardwired to a default value (e.g., ground) rather than from a loadable

configuration data storage circuit. In some embodiments such as the example circuit 5900 in

which there are 8 associated configuration data storages for each of the configuration

retrieval multiplexers 5975 and 5970, the init inputs are the 9th input of the configuration

retrieval multiplexers. In some embodiments in which there are different number of

associated configuration data storages for each of the configuration retrieval multiplexers

(e.g., 12 or 16), the init inputs can be another input of the configuration retrieval multiplexer.

The init inputs of configuration retrieval multiplexers keep storage elements in the

routing fabric at a known state before the chip is configured. When the init inputs of

configuration retrieval multiplexers 5975 and 5970 are selected during runtime (i.e., consort

mode), zeros are outputted as the configuration bits to the routing circuit 5910 and the output

multiplexer 5920. The zeroed configuration bits under consort mode forces the RMUX 5910

to select input 5980 as its output and the output multiplexer 5920 to select input from the

direct connection 5935 as its output 5960. The output 5960 of the output multiplexer 5920

feeds back to the input 5980 of the routing circuit 5910 through a feedback path 5915 to form

a latch function. This latch ensures that the RMUX/KMUX pair 5905 will not propagate

flicker from the RMUX 5910. Consequently, the output 5960 remains stable and bit

flickering is prevented. The consort signal 5965 essentially forces zeros out of the

configuration retrieval multiplexers without actually having zeros stored in their associated

configuration data storages.



In some embodiments, further power saving at the RMUX/KMUX pair 5905 can be

accomplished by selecting the init inputs of the configuration during certain sub-cycles. Some

of these embodiments make compile time determination as to during which sub-cycles the

init inputs is to be selected. For several consecutive sub-cycles that the RMUX/KMUX pair

5905 needs to be put into sleep to save power consumption, the init inputs of configuration

retrieval multiplexers 5975 and 5970 are selected in the first of the consecutive sub-cycles to

force the RMUX/KMUX pair 5905 to form a latch to prevent new data from coming out of

the RMUX/KMUX pair 5905. The select lines 5955 are then frozen in the subsequent

consecutive sub-cycles to further save power. In some embodiments, the clocked storage

element 5930 is frozen (e.g., withholding clocking) to further save power.

Figure 60 conceptually illustrates forcing a configuration retrieval circuit 6010 to

output zero for a configurable circuit 6075. As illustrated in this figure, the circuit 6000

includes a row configuration controller 5950, several configuration retrieval circuits 6050,

and a configurable circuit row 6075.

The configuration retrieval circuits 6050 are all controlled by the same row

configuration controller 5950 through the same set of select lines 5955. Each configuration

retrieval circuit 6050 provides a configuration signal 6020 to a configurable circuit in the

configurable circuit row 6075. Each configuration retrieval circuit 6050 includes a

configuration retrieval multiplexer 6010 for selecting configuration data from associated

configuration data storages 6070. The configuration retrieval multiplexer 6010 provides a

configuration signal 6020 to a configurable circuit on the configurable circuit row 6075. The

configuration retrieval multiplexer 6010 has eight configuration data storages 6070 associated

with it. Each of the eight associated configuration data storages 6070 stores a configuration

data bit for a particular reconfiguration sub-cycle. The configuration retrieval multiplexer

6010 receives a set of select lines 5955 from the row configuration controller 5950. Based on

the received select lines 5955, the configuration retrieval multiplexer 6010 selects one of the

associated configuration bits as its output.

The row configuration controller 5950 includes a select driver 5945 and a consort

processor 5940. The select driver 5945 drives select lines 5955 for selecting among the stored

configuration bits for the configuration retrieval multiplexer 6010. The consort processor

5940 receives a consort signal 5965 as input. Based on the received consort signal 5965, the

consort processor 5940 determines whether to drive the select driver 5945 into consort mode.

When the consort signal 5965 is asserted, the consort processor 5940 drives the select

driver 5945 into the consort mode. The select driver 5945 in consort mode drives the select



lines 5955 to generate a select signal that will select the "init" input 6030 of the configuration

retrieval multiplexer 6010 of each configuration retrieval circuit 6050. An "init" input is an

input that is hardwired to a default value (e.g., ground) rather than from a loadable

configuration data storage circuit. When the "init" inputs of configuration retrieval

multiplexers 6010 are selected during runtime (i.e., consort mode), zeros are outputted as the

configuration bit. The consort signal 5965 essentially forces zeros out of the configuration

retrieval multiplexers 6010 without actually having zeros stored in their associated

configuration data storages.

In some embodiments, consort signals such as the consort signal 5880 in Figure 58

and the consort signal 5965 in Figure 59 come from existing user signals in the user design.

In some embodiments, the routing and placement software identifies and routes the existing

signal to the consort processor as the consort signal. Figure 61 illustrates identifying and

routing a user signal 6130 in a user design 6100 for forcing configuration retrieval circuits to

output zero for a row of configurable circuits. Specifically, Figure 61 illustrates two stages

6170 and 6180 of identifying and routing a consort signal during logic synthesis or placement

and route of the user design 6100. The first stage 6170 shows a two-to-one multiplexer 6 110

that has two inputs 6120 and 6125 and one output 6140. A user signal 6130 from logic

circuits 6105 selects one of the two inputs 6120 and 6125 as output 6140 of the multiplexer

6 110. A first set of logic circuits 6150 provides the input 6120 to the multiplexer 6 110 and a

second set of logic circuits 6155 provides the input 6125 to the multiplexer 6 110.

At some point during the execution of the software tool (for logic synthesis or

placement and route), if it is determined that in a number of sub-cycles the user signal 6130 is

always going to select input 6125 (from the second set of logic circuits 6155) as the output of

the multiplexer 6110, the software tool would know that the first set of logic circuits 6150

can be put to sleep during those sub-cycles because the input 6120 is not needed in those sub-

cycles.

Once software tool identifies the user signal 6130 as being capable of indicating when

the first set of logic circuit 6150 can be put into power saving mode, the software tool places

the first set of logic circuit 6150 in a same row of configurable circuit 6190. The configurable

circuit row 6190 is controlled by the row configuration controller 6160. The second set of

logic circuit 6155 is placed in another the configurable circuit row 6195 that is controlled by

another row configuration controller (not illustrated).

The user signal 6130 determines when to select the second set of logic circuits 6155

instead of the first set 6150 and is therefore able to determine the appropriate time for the first



set of logic circuits 6150 to go to sleep. Specifically, the set of logic circuits 6150 should be

put to sleep together when the user signal 6130 does not select the input 6120. Thus the user

signal 6130 is chosen to be the consort signal to the row configuration controller 6160.

The routing and placement software needs to identify the signal 6130, route it to the

row configuration controller 6160, and meet the timing requirement. As illustrated in the

second stage 6180, the user signal 6130 is identified as the consort signal 6130 for the row of

logic circuit 6150. When the consort signal 6130 is asserted, the row configuration controller

6160 generates select signals that force the configuration retrievals multiplexers 6185 to

select their init inputs and output zeros as configuration bits for the logic circuit 6150.

Consequently, the row of logic circuit 6150 enters into the consort mode to save power. In

some embodiments, the user signal 6130 is routed to the row configuration controller 6160

through one or more configurable routing circuits that are configured by configuration data

bits generated by the placement and routing software. In some embodiments, the placement

and route software also makes sure that a circuit that generates the consort signal to put a

group of circuits into sleep cannot itself be put into sleep by another consort signal.

Figure 62 illustrates a configurable IC 6200 in which different rows of configurable

circuits are controlled by different consort signals. As illustrated, the configurable IC includes

routing circuits 6210-6212, row configuration controller 6215-6217, and rows of configurable

circuits 6220-6222. The routing circuit 6210 receives a set of user signals 6230 and routes

one of them as consort signal 1 to the row configuration controller 6215. The routing circuit

62 11 receives a set of user signals 623 1 and routes one of them as consort signal 2 to the row

configuration controller 6216. The routing circuit 6212 receives a set of user signals 6232 and

routes one of them as consort signal 3 to the row configuration controller 6217. Therefore,

each of the row configuration controllers 6215, 6216, and 6217 receives its own consort

signal to controls its own row of configuration circuits (respectively 6220, 6221, and 6222).

Figure 63 conceptually illustrates a process 6300 for identifying and routing a user

signal as a "consort" signal. Specifically, the process 6300 identifies a set of logic elements

as being logically safe to be assigned to the same row of configurable circuits to enable the

consort mode. In some embodiments, this process is performed by a computer program that

compiles and maps a user design into configurable circuits in the IC (e.g., a placement and

routing software tool).

As shown, the process 6300 identifies (at 6310) a set of logic elements that are

disabled during a same set of sub-cycles. In some embodiments, logic elements that are

disabled during the same set of sub-cycles can be put to sleep together during those sub-



cycles. In some embodiments, the set of sub-cycles are consecutive sub-cycles. The process

then identifies (at 6320) a signal that determines when (e.g., during which sub-cycles) to

disable the identified set of logic elements. In some embodiments, this signal is an existing

signal in the user design that can determine the timing of disabling the identified set of logic

elements. For example, the user signal 6130 in Figure 61 determines when the logic circuit

6150 can be disabled. Because the signal can determine the timing of disabling the identified

set of logic elements, it can be used as the consort signal to put the row of circuits that

perform the set of identified logic elements to sleep.

Next, the process identifies (at 6330) a row of configurable circuits that can perform

the identified set of logic elements. This row of configurable circuits is hard wired on the IC

in a way that all configurable circuits in the row can be put into sleep at the same time by

asserting a consort signal for the entire row. For example, each of the configurable circuits

rows 6220 in Figure 62 can be put into sleep at the same time by asserting a consort signal

for the row.

The process 6300 then assigns (at 6340) the identified set of logic elements to the

identified row of configurable circuits. The identified row of configurable circuits will be

configured to function as the identified set of logic elements. In addition, the identified row

of configurable circuits can be disabled to save power at the identified set of sub-cycles for

the identified logic elements.

Finally, the process routes (at 6350) the identified signal to the identified row of

configurable circuits as the consort signal for that row. Because the identified signal

determines when to disable the identified set of logic elements, it can force the identified row

of configurable circuits to sleep (i.e., into consort mode) when the identified set of logic

elements is disabled. In some embodiments, the process makes sure that a circuit that

generates the consort signal to put a group of circuits into sleep cannot itself be put into sleep

by another consort signal. Since an configurable IC implementing a user design would

function correctly even if some or all of the consort signal cannot be routed successfully

(albeit consuming more power), the process in some embodiments would give up routing the

identified consort signal if other constraints (e.g., timing) cannot be met.

When the identified row of configurable circuits is put into sleep, the output of the

identified set of logic elements is held stable. Consequently, bit flickering is prevented and

power consumption is reduced. In order to implement the consort mode to save power

consumption on an IC, portions of user design that can be put into sleep at the same time

need to be identified and placed accordingly. In addition, signals or combinations of signals



that can be used to put these portions of the user design to sleep needs to be identified as

consort signals. Figure 64 illustrates the assignment different subsets of a user design to

different rows of configurable circuits and the identification of the consort signals for those

different subsets of the user design.

The user design 6440 specifies the functionalities and/or components the IC that is to

be design. In some embodiments, the user design 6440 is in the form of a hardware

description language (e.g., VHDL and Verilog) code. The user design 6440 is submitted to

the compiler 6410 in order to be mapped into configurable circuits in an IC.

In order to implement the consort mode, logic elements in the user design 6440 that

can be disabled during the same sub-cycles need to be identified and assigned to the same

row of configurable circuits. As shown in Figure 64, this task of identifying and assigning

logic elements is accomplished by a compiler 6410 and a routing and placement engine 6420.

The compiler 6410 analyses the user design 6440 and divides it into several user design

subsets 6450, which are then assigned to several configurable circuits rows 6460 in an IC

6430 by the routing and placement engine 6420.

The compiler 64 10 receives a user design 6440 and translates it into logic elements by

performing some or all of the following operations: lexical analysis, preprocessing, parsing,

semantic analysis (Syntax-directed translation), netlist generation, and netlist optimization.

The compiler 64 10 identifies logic elements that are disabled during the same sub-cycles and

puts them into the same subset. For example, logic elements in user design subset 1 can be

disabled in the same sub-cycles together; logic elements in user design subset 2 can be

disabled in the same sub-cycles together, etc. Consequently, the user design is divided into

several user subsets of logic elements 6450, each of which contains a set of logic elements

that can be disabled during the same sub-cycles by a corresponding consort signal.

In some embodiments, the compiler breaks the user design into subsets by

recognizing and analyzing if-then-else logical structures in the user design. An if-then-else

logical structure includes three parts: (1) a predicate (i.e., the "if), (2) a consequent (i.e., the

"then"), and (3) an alternative (i.e., the "else"). The predicate decides whether the consequent

or the alternative is to be executed. In other words, when the predicate selects the consequent,

the alternative is not executed and vice versa. In some embodiments, a compiler recognize a

set of logic elements in the user design as corresponding to the alternative (or the consequent)

of an "if-then-else" structure and assigns a user signal (or its logical complement) that

correspond to the predicate as the consort signal for that set of logic elements. In the example

of Figure 61, the multiplexer 6 110 implements the if-then-else logic structure, with the logic



circuits 6105 providing the predicate (i.e., the user signal 6130 that is used as the consort

signal) and the logic circuits 6150 and 6155 providing the consequent and the alternative.

The routing and placement engine 6420 of some embodiments assigns elements of the

user design to different configurable circuits by generating the configuration data for the

different configurable logic circuits. The routing and placement engine 6420 of some

embodiments routes signals between logic elements by generating configuration data for

configurable routing circuits. In some embodiments, the routing and placement engine 6420

receives a netlist that contains several user design subsets 6450 and assigns each user design

subset to a row of configurable circuits on the IC 6430. There are several rows of

configurable circuits 6460 in the IC 6430. Each user design subset is assigned to one of those

rows of configurable circuits 6460 so that the row of configurable circuits can be put to sleep

during the same sub-cycles by a consort signal that controls the configuration controller for

that row.

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, the number of

data storages associated with each configuration retrieval multiplexer can be 12, 16, or some

other numbers instead of 8. The init input can be the 13th, 17th, or some other input instead of

being the 9th input of the configuration retrieval multiplexer. 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.

VII. CONFIGURABLE IC AND SYSTEM

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.

A. Reconfiguration Timing Offset

As mentioned above by reference to Figures 25-26 and 39, some embodiments

introduce different delays in configuration retrieval paths of multiplexers and of configurable

storage elements in order to avoid hold time violations. Hold time violation occurs when

signal at the input of the storage element fails to hold steady for sufficient amount of time in



order for it to be correctly sampled and stored. For a reconfigurable storage element that

receives data from a source reconfigurable circuit (such as a RMUX, LUT, IMUX, or another

reconfigurable storage element), hold time violation can occur if the source reconfigurable

circuit reconfigures too quickly and cause data at the input of the reconfigurable storage

element to change too quickly. In order to prevent this, some embodiments reconfigure

storage circuits slightly ahead of other types of reconfigurable circuits (such as RMUXs,

LUTs, and IMUXs). In other words, some embodiments prevent hold time violation by

applying a slight offset in timing between the reconfiguration of storage circuit and the

reconfiguration of other types of circuit feeding the storage circuits.

Figures 65A and 65B illustrate the prevention of hold time violation by offsetting

reconfiguration timing. The figures illustrate a section 6500 of a configurable IC. The section

6500 includes a multiplexer 6515 between two storage elements 6510 and 6520. The output

of the storage element 65 10 propagates through the multiplexer 6515 in order to reach the

input of the storage element 6520. The storage elements 6510, 6520 and the multiplexer 6515

are reconfigurable circuits that retrieve configuration data from configuration storages 6530,

6540, and 6535, respectively. The retrieval of configuration data from the configuration

storages is based on the clock 6550, which can be a sub-cycle clock of a user design clock or

a reconfiguration clock. The sampling and storing of data at the storage element 6520 is

determined by the retrieved configuration data from the configuration storage 6540.

The reconfigurable storage elements 65 10 and 6520 are also referred to as "crossers"

in some embodiments for reasons that will be further elaborated by reference to Figure 66

below. The crossers can be clocked storage elements such as in KMUXs or configurable

transparent or hybrid storage elements such as YMUXs and MMUXs.

Figure 65A illustrates a timing diagram 6501 for the configurable IC section 6500

when there is no timing offset between the reconfiguration of the crossers 6510 and 6520 and

the reconfiguration of the multiplexer 6515. As illustrated, the crosser 6520 samples at a

certain point in time following each rising edge of the clock 6550. The data 6560 from the

crosser 6510 arriving at the input of the crosser 6520 would have sufficient hold time because

there are logic and routing elements (such as the multiplexer 65 15) delaying the propagation

of data from the crosser 6510 to the crosser 6520. However, there is very little that delays the

propagation of data from the multiplexer 6515 to the crosser 6520. In such instances, the

reconfiguration of the multiplexer 6515 can cause the input data at the crosser 6520 to change

too quickly and violate hold time requirement.

Figure 65B illustrates a timing diagram 6502 for when there is a timing offset



between the reconfiguration of the crossers 6510 and 6520 and the reconfiguration of the

multiplexer 6515. As illustrated, the reconfiguration of the multiplexer 6515 is delayed

slightly relative to the reconfiguration of the crosser 6510 and 6520, and the hold time

requirement of the crosser 6520 is met as a result. In the example of Figure 65B, the offset in

reconfiguration timing is accomplished by adding a delay element 6590 to the configuration

retrieval path of the multiplexer 6515.

In some embodiments, possible hold time violations for all crossers are resolved by

systematically delaying the reconfiguration of all configurable circuits (except crossers)

directly feeding the crossers. In some embodiments, this is accomplished by adding a delay

element into the configuration retrieval path of each of such configurable circuits. In some

other embodiments, timing offset between the reconfiguration of the crossers and the

configurable circuits (except crossers) are accomplished by delaying the clock signals feeding

the configurable circuits relative to the clock signals feeding the crossers. However, some

embodiments limit the amount of delay inserted in order to prevent set up time violations at

the crossers.

B. Configurable Tile

Figure 66 illustrates a configurable tile 6600 that is used by the integrated circuit of

some embodiments. In some embodiments, the configurable tile 6600 is defined in a

configurable tile array on the integrated circuit with other identical tiles or similar tiles. The

configurable tile array includes multiple rows and multiple columns, with the intersection of

each row and column being a configurable tile that is identical to tile 6600 or similar to it.

This configurable tile is a 16-LUT configurable tile that includes four 4-LUT tiles

6605a-d that are placed about a common spine 6610. Each 4-LUT tile includes (1) a static

RAM block 66 15 for storing data, and (2) three sets 6620 of configuration data storages for

storing configuration data and their associated configuration retrieval circuits for retrieving

the configuration data on a sub-cycle basis and supplying the configuration data to nearby

configurable circuits.

Each 4-LUT tile is topologically viewed as a 4x1 nibble wide set of LUTs. However,

each topological nibble wide set of LUTs is physically arranged into two pairs of LUTs, with

one pair defined in configurable logic group 6625a and another pair defined in configurable

logic group 6625b. Each configurable logic group includes routing fabric resources as further

described below. Each 4-LUT tile also has a logic carry block (LCB) 6630, which will be

further described below.

To facilitate communication between the configurable LUTs of the same 16-LUT tile



or between the configurable LUTs of different 16-LUT tiles, the tile 6600 in some

embodiments employs three different types of configurable storage elements and three

different sets of routing circuits (e.g., RMUXs) and wiring. The three different types of

configurable storage elements are YMUXs, KMUXs, and low power conduits. The three

different sets of routing circuits/wiring are (1) a micro-level routing fabric, (2) a local-area

routing fabric, and (3) a macro-level routing fabric. The YMUX is described above by

reference to Figures 21-23. The KMUX is described above by reference to Figures 38-43.

As shown in Figure 66, each 4-LUT tile has one area 6635 in which the micro-level

routing fabric circuits are placed, and two areas 6640a and 6640b in which the local-area and

marco-level routing fabric circuits are placed. Each 4-LUT tile also has one area 6645 in

which the low power conduits are placed. The other configurable storage elements, the

KMUX and the YMUX, are placed in several other areas. For instance, the KMUXs are

placed in the local-area and macro-level regions 6640a and 6640b as they are part of these

routing resources. The YMUXs are placed in the micro-level routing region 6635, as they

form micro-level routing fabric with RMUXs as further described below. Also, as further

described below, the YMUXs are placed in the configurable logic groups 6625. Other

arrangements of these circuits are also possible. For instance, in some embodiments, RMUXs

that are associated with the micro-level routing fabric or local-area routing fabric are placed

in the area that also contains the configurable logic groups when additional space is needed

for these RMUXs.

The micro-level routing fabric provides local neighboring interconnect for each nibble

wide set of LUTs (i.e., each 4-LUT tiles 6605). Specifically, in some embodiments, the

micro-level routing fabric provides direct connections between each 4-LUT tile and the other

4-LUT tiles that are a topological distance of one away from it in the north, south, east and

west directions. In other words, the micro-level routing resources of one particular 4-LUT tile

connect this tile's circuits (e.g., LUTs) with the circuits (e.g., RMUXs, IMUXs, etc.) of the 4-

LUT tiles that are one away and immediately to the north, south, east and west of the

particular tile.

In some embodiments, the micro-level routing fabric includes several pairs of

RMUXs and YMUXs. For instance, in some embodiments, the micro-level routing fabric of a

particular 4-LUT tile includes four RMUX/YMUX pairs for each of its 4 LUTs. For each

LUT, the four RMUX/YMUX pairs traverse in the four directions (i.e., north, south, east and

west) serviced by this fabric. In other words, for one LUT, these embodiments have an A-

north RMUX that provides the north topological 1 connection, an A-north YMUX for the



north RMUX, an A-south RMUX that provides the south topological 1 connection, an A-

south YMUX for the A-south RMUX, and so on.

As mentioned above, YMUXs are one type of configurable storage elements. They

can capture and hold a signal indefinitely, while allowing the RMUXs that they are a part of

to be used for other routing operations. They can also be used to prevent signal flicker (and

thereby to prevent unnecessary power consumption) as mentioned above. For instance, when

their corresponding direction of routing is not needed (e.g., when the unit north topological

connection is not needed), the YMUX can be set to prevent signal flicker along that direction

(e.g., along the unit north topological connection provided by the A-north RMUX).

In addition to providing unit north topological connections, the micro-level routing

fabric also provides connections between some of the LUTs in a 4-LUT tile in some

embodiments. In some of these embodiments, the output of one or more of the LUTs in the 4-

LUT tile connect directly to the IMUXs of one or more LUTs in the same 4-LUT tile. In

other words, some embodiments connect some of the LUTs in a 4-LUT tile through the

micro-level routing fabric, while connecting other LUTs in a 4-LUT tile through direct

connection.

As mentioned above, YMUXs are also used at the output of the LUTs in some

embodiments. In some embodiments, these YMUXs are viewed as being part of the routing

fabric as they are neither LUTs nor IMUXs. In some embodiments, four YMUXs are

provided at the output of each LUT. These four YMUX are for the north, south, east and west

directions for routing the output of each LUT. When a LUT's output does not need to be

routed in a particular direction, the YMUX latching function is used to prevent signal flicker

in that particular direction in order to reduce power consumption.

The local-area routing fabric provides local neighboring and non-neighboring

interconnect for each nibble wide set of LUTs (i.e., each 4-LUT tiles 6605). Specifically, in

some embodiments, the local-area routing fabric provides direct connections between each 4-

LUT tile and the other 4-LUT tiles that are a topological distance of 1, 2, and 3 away from it

in the north, south, east and west directions. In other words, the local-area routing resources

of one particular 4-LUT tile connect this tile's circuits (e.g., LUTs) with the circuits (e.g.,

RMUXs, IMUXs, etc.) of the 4-LUT tiles that are 1-, 2-, and 3-hops way and to the north,

south, east and west of the particular tile, where each hop is one nibble wide (i.e., is

expressed in terms of one 4-LUT tile). In some embodiments, the local-area routing fabric

includes one or more topologically diagonal connections for each nibble wide set of LUTs.

Such diagonal connections are used in some embodiments to perform bit shift operations.



In some embodiments, the local-area routing fabric includes several pairs of RMUXs

and KMUXs. For instance, the local-area routing fabric of some embodiments includes four

RMUX/KMUX pairs for each LUT of a 4-LUT tile, with each RMUX of each

RMUX/KMUX pair (1) servicing a particular direction (i.e., north, south, east, or west), (2)

receiving signals from circuits of 4-LUT tiles that are 1-, 2-, and 3-hops away, and (3)

supplying signals to circuits of 4-LUT tiles that are 1-, 2-, and 3-hops away along the

particular direction serviced by the RMUX/KMUX pair. In other words, for one LUT, these

embodiments have a P-north RMUX that provides the north topological 1-, 2- and 3-

connections, a KMUX for the P-north RMUX, a P-south RMUX that provides the south

topological 1-, 2-, and 3-connections, a KMUX for the P-south RMUX, and so on. As further

described below, the local-area routing fabric circuits (e.g., RMUXs, etc.) are used in some

embodiments to route signals between the top two pairs of LCBs 6630a-b and the bottom two

pairs of LCBs 6630c-d.

The micro-level and local-area routing fabric provide bit-wide direct connections

between the 4-LUT tiles. The macro-level routing fabric, on the other hand, provides bus-

wide direct connections between neighboring and non-neighboring 4-LUT tiles. Specifically,

in some embodiments, the macro-level routing fabric provides direct connections between

each 4-LUT tile and the other 4-LUT tiles that are a topological distance of 1, 2, 3, 4, and 5

away from it in the north, south, east and west directions.

In some embodiments, the macro-level routing fabric includes several pairs of

RMUXs and KMUXs. For instance, the macro-area routing fabric of some embodiments

includes four RMUX/KMUX pairs for each LUT of a 4-LUT tile, with each RMUX of each

RMUX/KMUX pair (1) servicing a particular direction (i.e., north, south, east, or west), (2)

receiving signals from circuits of 4-LUT tiles that are 1-, 2-, 3-, 4-, and 5-hops away, and (3)

supplying signals to circuits of 4-LUT tiles that are 1-, 2-, 3-, 4-, and 5-hops away along the

particular direction serviced by the RMUX/KMUX pair. In other words, for one LUT, these

embodiments have a F-north RMUX that provides the north topological 1-, 2- 3-, 4-, and 5-

connections, a KMUX for the F-north RMUX, a F-south RMUX that provides the south

topological 1-, 2-, 3-, 4-, and 5-connections, a KMUX for the F-south RMUX, and so on.

Because the macro-level routing fabric includes busses, several RMUXs that traverse along

the same direction (e.g., in the north direction) are controlled by the same configuration data.

For instance, the four F-north RMUXs for the four LUTs that form a nibble are controlled by

the same configuration data set in each sub-cycle, the four F-south RMUXs for these four

LUTs are controlled by the same configuration data set in each sub-cycle, and so on.



The macro-level routing fabric in some embodiments is used to cross from one clock

domain to another clock domain. Specifically, the macro-level routing fabric is used to

traverse a signal from one part of the IC that has configurable circuits operating at a first

clock rate and a second part of the IC that has configurable circuits operating at a second

clock rate. At times, such traversal entails taking the signal through a third part of the IC that

has configurable circuits operating at a third clock rate.

When the macro-level routing fabric is used to cross clock domains, this fabric is

configured to terminate at one or more low power conduit storages. Such storage are ideal for

serving as the landing circuit for receiving a signal from another clock domain, as they

include many storage elements that open in different sub-cycles to receive new data. They

also provide a mechanism for transferring a signal from one clock domain to another in less

than one user cycle, as a received signal can be synchronously output into the new clock

domain at the start of the sub-cycle after it has been received by a storage element of the

conduit.

As mentioned above, the low power conduits along with the KMUXs and YMUXs are

the three different types of storage elements that are used by the configurable tile 6600. These

storage elements (low power conduits, KMUXs, and YMUXs) are space time crossing

devices as they allow signals to traverse from one sub-cycle to another. In order for signals

arriving at these crossing devices to meet the hold time requirements, some embodiments

reconfigure some or all of the RMUXs, LUTs and IMUXs later than the crossing devices so

the signals provided by the RMUXs, LUTs and IMUX would not change before the crossing

devices reconfigures.

As described above by reference to Figures 44 and 45, the low power conduits

provide an efficient way of holding a value for several sub-cycles, because each low power

conduit has several registers that operate at the user design clock rate instead of the sub-cycle

rate. Because of this, the IC of some embodiments uses these conduits to hold the majority of

the values that are held for three or more sub-cycles, while using the YMUXs and KMUXs to

hold values that need to be stored for one and at time two sub-cycles.

In some embodiments, the configurable tile 6600 includes one low power conduit for

each LUT in the tile. This allows the IC to store the output of each LUT in each sub-cycle of

a twelve loopered device in a twelve-register low power conduit for a duration of a user

design cycle. Accordingly, the low power conduits provide the ability to look back into all

the signals that are produces for the duration of one user cycle.

The LCB blocks perform arithmetic operations. Each LCB of some embodiments



performs 4-bit add operations. Therefore, each LCB has four sum outputs and one carry

output. The carry output travels horizontally to feed the next LCB. The LCBs on the same

row are chained up through the carry signal so that they can collaborate in performing

arithmetic operations on 8-bit, 16-bit, or any larger value. The sum outputs of LCB travel

vertically. The LCB of some embodiments also perform compare operations. The compare

result is provided through the carry output of the LCB and travels horizontally.

In some embodiments, each pair of horizontally aligned LCBs (e.g., 6630a-b or

6630c-d) is directly connected (i.e., are connected through direct connections that do not

traverse RMUXs) in order to form a fast 8-bit LCB. There are no direct connection between

the top and bottom LCBs (e.g., between 6630a and 6630c). Vertically aligned LCBs

communicate with each other (e.g., the top LCB block 6630a communicates with the bottom

LCB block 6630c) through RMUXs and KMUXs of the local area routing fabric. In addition,

a first LCB in one tile can communicate vertically with a second LCB in another tile through

the local area routing fabric.

As mentioned above, the LCBs of some embodiments include bussed KMUXs in

order to receive and output the sums of the LCB. Also, as mentioned above, the LCBs in

some embodiments are part of the routing fabric. Accordingly, the input to the LCBs that is

provided by the LUTs or other circuits are provided to the LCBs by the RMUXs, while the

outputs of the LCBs are provided to the LUTs or other circuits that need such data through

the RMUXs.

The configurable tile 6600 also includes configuration network circuitry at the

boundary of each 4-LUT tile and within the spine. Examples of such circuitry are described

in U.S. Patent 7,788,478 and U.S. Patent 8,069,425. The spine also includes reconfiguration

signal generation and clock signal generation circuitry.

While the tile arrangement 6600 was described by reference to numerous details, one

of ordinary skill will realize that other embodiments might define this arrangement

differently. For instance, this arrangement uses YMUXs to facilitate communication between

configurable circuits. In some embodiments, MMUXs are used instead of YMUX, or MMUX

are used with YMUX. The MMUX is described above by reference to Figures 24 and 25.

C. IC with Configurable Circuits

Figure 67 illustrates a portion of an IC 6700 of some embodiments of the invention.

As shown in this figure, this IC has a configurable tile arrangement 6705 and I/O circuitry

6710. The configurable tile arrangement 6705 can include any of the above described

circuits, storage elements, and routing fabric of some embodiments of the invention. The tiles
- I l l -



in this arrangement are illustrated as nodes and are referred to as configurable nodes in some

of the discussion below.

The I/O circuitry 6710 is responsible for routing data between the configurable nodes

6715 of the configurable circuit arrangement 6705 and circuits outside of this arrangement

(i.e., circuits outside of the IC, or within the IC but outside of the configurable circuit

arrangement 6705). As further described below, such data includes data that needs to be

processed or passed along by the configurable nodes.

The data also includes in some embodiments a set of configuration data that

configures the nodes to perform particular operations. Figure 68 illustrates a more detailed

example of this. Specifically, this figure illustrates a configuration data pool 6805 for the

configurable IC 6800. This pool includes N configuration data sets ("CDS"). As shown in

Figure 68, the input/output circuitry 6810 of the configurable IC 6800 routes different

configuration data sets to different configurable nodes of the IC 6800. For instance, Figure

68 illustrates configurable node 6845 receiving configuration data sets 1, 3, and J through the

I/O circuitry, while configurable node 6850 receives configuration data sets 3, K, and N-l

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.

A configurable IC of the invention can also include circuits other than a configurable

circuit arrangement and I/O circuitry. For instance, Figure 69 illustrates a system on chip

("SoC") implementation of a configurable IC 6900. This IC has a configurable block 6950,

which includes a configurable circuit arrangement 6905 and I/O circuitry 6910 for this

arrangement. It also includes a processor 6915 outside of the configurable circuit

arrangement, a memory 6920, and a bus 6925, which conceptually represents all conductive

paths between the processor 6915, memory 6920, and the configurable block 6950. As shown

in Figure 69, the IC 6900 couples to a bus 6930, which communicatively couples the IC to

other circuits, such as an off-chip memory 6935. Bus 6930 conceptually represents all

conductive paths between the system components.

This processor 6915 can read and write instructions and/or data from an on-chip

memory 6920 or an off-chip memory 6935. The processor 6915 can also communicate with

the configurable block 6950 through memory 6920 and/or 6935 through buses 6925 and/or



6930. Similarly, the configurable block can retrieve data from and supply data to memories

6920 and 6935 through buses 6925 and 6930.

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 70 illustrates one such SiP 7000. As shown in

this figure, SiP 7000 includes four ICs 7020, 7025, 7030, and 7035 that are stacked on top of

each other on a substrate 7005. At least one of these ICs is a configurable IC that includes a

configurable block, such as the configurable block 6950 of Figure 69. Other ICs might be

other circuits, such as processors, memory, etc.

As shown in Figure 70, the IC communicatively connects to the substrate 7005 (e.g.,

through wire bondings 7060). These wire bondings allow the ICs 7020-6935 to communicate

with each other without having to go outside of the SiP 7000. In some embodiments, the ICs

7020-6935 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 ICs 7020-6935 to each other.

As further shown in Figure 70, the SiP includes a ball grid array ("BGA") 70 10 and a

set of vias 7015. The BGA 7010 is a set of solder balls that allows the SiP 7000 to be

attached to a printed circuit board ("PCB"). Each via connects a solder ball in the BGA 7010

on the bottom of the substrate 7005, to a conductor on the top of the substrate 7005.

The conductors on the top of the substrate 7005 are electrically coupled to the ICs

7020-6935 through the wire bondings. Accordingly, the ICs 7020-6935 can send and receive

signals to and from circuits outside of the SiP 7000 through the wire bondings, the conductors

on the top of the substrate 7005, the set of vias 7015, and the BGA 7010. 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 70, a housing 7080 encapsulates the substrate

7005, the BGA 7010, the set of vias 7015, the ICs 7020-6935, the wire bondings to form the

SiP 7000. This and other SiP structures are further described in United States Patent

7,530,044.

Figure 71 conceptually illustrates a more detailed example of a computing system

7100 that has an IC 7105, 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 7100 can be a stand-alone computing or

communication device, or it can be part of another electronic device. As shown in Figure 71,

the system 7100 not only includes the IC 7105, but also includes a bus 7 110, a system



memory 7 115, a read-only memory 7120, a storage device 7125, input device(s) 7130, output

device(s) 7135, and communication interface 7140.

The bus 7110 collectively represents all system, peripheral, and chipset interconnects

(including bus and non-bus interconnect structures) that communicatively connect the

numerous internal devices of the system 7100. For instance, the bus 7 110 communicatively

connects the IC 7 110 with the read-only memory 7120, the system memory 7 115, and the

permanent storage device 7125. The bus 7 1 10 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 7 110 architecture may

include any of the following standard architectures: PCI, PCI-Express, VESA, AGP,

MicroChannel, ISA and EISA, to name a few.

From these various memory units, the IC 7105 receives data for processing and

configuration data for configuring the ICs configurable logic and/or interconnect circuits.

When the IC 7105 has a processor, the IC also retrieves from the various memory units

instructions to execute. The read-only-memory (ROM) 7120 stores static data and

instructions that are needed by the IC 7105 and other modules of the system 7100.

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 7125. 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 7100. 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.

Like the storage device 7125, the system memory 7 115 is a read-and-write memory

device. However, unlike storage device 7125, the system memory is a volatile read-and-write

memory, such as a random access memory. Typically, system memory 7 115 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.

The bus 7110 also connects to the input and output devices 7130 and 7135. The input



devices enable the user to enter information into the system 7100. The input devices 7130 can

include touch-sensitive screens, keys, buttons, keyboards, cursor-controllers, touch screen,

joystick, scanner, microphone, etc. The output devices 7135 display the output of the system

7100. 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.

Finally, as shown in Figure 71, bus 7110 also couples system 7100 to other devices

through a communication interface 7140. 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 7140, the

system 7100 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 7140 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.

When the IC 7105 is replaced by a general purpose processor, the system 7100 is also

representative of a general purpose computer system that is used in some embodiment to

define the configuration data sets for configuring the reconfigurable circuits (e.g., the LUTs,

RMUXs, IMUXs, KMUXs, YMUXs, conduits, etc.) of the IC of some embodiments of the

invention. This computer would perform place and/or route operations that define the

configuration data sets for the logic and/or routing resources, and for the configurable storage

elements of the IC.

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.).

Also, although some embodiments were discussed above by reference to

reconfiguration cycles and circuits, some embodiments may use configurable circuits and

cycles to implement these embodiments. In addition, while the embodiments were described

with reference to particular circuits and specific combinations or arrangements of these

circuits, some embodiments may be implemented with different combinations or

arrangements of the circuit elements. 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



CLAIMS

What is claimed is:

1. An integrated circuit ("IC") comprising:

a row of configurable circuits for configurably performing a plurality of

operations based on configuration data;

a plurality of configuration retrieval circuits for providing configuration bits to

the row of configurable circuits; and

a row configuration controller for forcing the plurality of configuration

retrieval circuits to output a particular configuration value based on a user signal received at

runtime.

2. The IC of claim 1, wherein the particular configuration value forces the row of

configurable circuits to be in an initial state.

3. The IC of claim 2, wherein the initial state forces a configurable routing circuit

in the row of configurable circuits to select a signal from a closed storage element as output.

4. The IC of claim 2, wherein the initial state selects a feedback path from an

output of a routing circuit to an input of the routing circuit.

5. The IC of claim 1, wherein the user signal is based on an input received by the

IC after the IC has been configured by configuration data loaded into the IC.

6. The IC of claim 1, wherein the user signal forces the row of configurable

circuits into a power saving mode during a set of clock cycles, wherein the power saving

mode saves power by preventing flickering in the row of configurable circuits.

7. The IC of claim 1, wherein the user signal is used to select between a first set

of logic operations performed by the row of configurable circuits and a second set of logic

operations performed by configurable circuits that are not in the row of configurable circuits.

8. The IC of claim 1, wherein the row configuration controller provides a set of

select signals to the plurality of configuration retrieval circuits based on the received user

signal, wherein the set of select signals force the plurality of configuration retrieval circuits to

output the particular configuration value.

9. The IC of claim 8, wherein the particular configuration value is a default value

that is outputted by the plurality of configuration retrieval circuits before configuration data is

loaded into the IC.

10. The IC of claim 8, wherein the particular configuration value is a default value

that is hardwired into the configuration retrieval circuits.



11. The IC of claim 8, wherein the user signal is asserted in a first clock cycle of a

plurality of consecutive clock cycles and the set of select signals are frozen in subsequent

clock cycles of the plurality of consecutive clock cycles.

12. A non-transitory computer readable medium storing a computer program for

configuring an integrated circuit (IC) based on a user design, the computer program

executable on one or more processing units, the computer program comprising sets of

instructions for:

identifying a set of logic elements in the user design that is inactive during a

set of clock cycles;

identifying a user signal that is asserted during the set of clock cycles;

assigning the set of logic elements to a row of configurable circuits; and

routing the identified user signal to put the row of configurable circuits into a

power saving mode during the set of sub-cycles.

13. The non-transitory computer readable medium of claim 12, wherein the

identified user signal disables the set of logic element during set of clock cycles.

14. The non-transitory computer readable medium of claim 12, wherein the user

signal is based on a signal received by the IC when the IC is performing the user design.

15. The non-transitory computer readable medium of claim 12, wherein the set of

clock cycles are consecutive clock cycles.

16. The non-transitory computer readable medium of claim 12, wherein the set of

instructions for assigning the set of logic elements to the row of configurable circuits

comprises a set of instructions for identifying a row of configurable circuits for implementing

the set of logic elements.

17. The non-transitory computer readable medium of claim 16, wherein the set of

instructions for routing the identified user signal comprises a set of instructions for routing

the identified user signal to a row configuration controller for the identified row of

configurable circuits

18. The non-transitory computer readable medium of claim 17, wherein the row

configuration controller uses the identified user signal to force a plurality of configuration

retrieval circuits to output a particular configuration value for the row of configurable

circuits.

19. The non-transitory computer readable medium of claim 18, wherein the

particular configuration value is a default value hardwired into the IC and not determined by

the computer program.



20. The non-transitory computer readable medium of claim 1 , wherein the row of

configurable circuits is reconfigured every clock cycle.

21. The non-transitory computer readable medium of claim 12, wherein the set of

instructions for assigning the set of logic elements to a row of configurable circuits comprises

a set of instructions for defining a set of configuration data for configuring the row of

configurable circuits to perform operations of the set of logic elements.

22. The non-transitory computer readable medium of claim 12, wherein the set of

instructions for routing the user signal comprises a set of instructions for defining a set of

configuration data for configuring one or more configurable routing circuits to route the user

signal to a row configuration controller for the row of configurable circuits.

23. An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data;

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a particular wiring path

connecting an output of a source circuit to inputs of a destination circuit;

a first configuration retrieval path for retrieving configuration data for the

source circuit; and

a second configuration retrieval path for retrieving configuration data for the

destination circuit, wherein the first configuration retrieval path is slower than the second

configuration retrieval path.

24. The IC of claim 23, wherein the first configuration retrieval path comprises a

set of delay element for delaying the first configuration retrieval path slower than the second

configuration retrieval path.

25. The IC of claim 24, wherein the set of delay elements comprises a set of

inverters.

26. The IC of claim 23, wherein the destination circuit comprises a configurable

storage element.

27. The IC of claim 26, wherein the configuration data retrieved for the

destination circuit is for controlling the storage operation of the configurable storage element.

28. The IC of claim 26, wherein the first configuration retrieval path is slower

than the second configuration retrieval path in order to ensure that data arriving at the input of

the destination circuit have sufficient hold time for the configurable storage element.



29. The IC of claim 23, wherein the source circuit is a configurable routing

multiplexer.

30. The IC of claim 29, wherein the configuration data retrieved for the source

circuit is for selecting one of a plurality of inputs of the routing multiplexer.

31. An integrated circuit (IC) comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a plurality of

configurable storage circuits and a plurality of configurable routing multiplexers, wherein at

least some of the configurable storage circuits receive data from some of the plurality of

configurable routing multiplexers, wherein the plurality of configurable routing multiplexers

reconfigures later than and the plurality of configurable storage circuits every clock cycle.

32. The IC of claim 31 further comprising a first set of configuration data retrieval

paths for reconfiguring the plurality of configurable routing multiplexers every clock cycle

and a second set of configuration data retrieval path for reconfiguring the plurality of

configurable storage circuits every clock cycle.

33. The IC of claim 32, wherein each of the first set of configuration data retrieval

paths is longer than each of the second set of configuration data retrieval paths.

34. The IC of claim 33, wherein the first set of configuration data retrieval path

comprises a first set of delay elements and the second set of configuration data retrieval path

comprises a second set of delay elements, the first set of delay element providing a longer

delay than the second set of delay elements.

35. The IC of claim 32, wherein a first clock driving the first set of configuration

data retrieval paths is delayed relative to a second clock driving the second set of

configuration data retrieval paths.

36. The IC of claim 31, wherein the plurality of configurable routing multiplexers

reconfigures later than and the plurality of configurable storage circuits in every clock cycle

in order to satisfy a hold time requirement at the configurable storage circuits.

37. An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a particular wiring path



connecting an output of a source circuit to a destination circuit, the particular wiring path

comprising first and second configurable storage elements, wherein an input of the first

configurable storage element is connected to the output of the source circuit and the output of

the second configurable storage element is connected to the input of the destination circuit.

38. The IC of claim 37, wherein the first configurable storage elements is

configured by a particular configuration signal and the second configurable storage element is

configured by an inverted version of the particular configuration signal.

39. The IC of claim 37, wherein the particular wiring path acts as a master-slave

flip flop when the first and second configurable storage elements are configured as clocked

storage elements.

40. The IC of claim 39, wherein the particular wiring path passes signal

transparently when the first and second configurable storage are configured as transparent

storage.

41. The IC of claim 37, wherein the source circuit is a configurable routing

multiplexer in the configurable routing fabric.

42. The IC of claim 41, wherein the particular wiring path further comprises a

feedback path from the output of the output multiplexer to an input of the routing multiplexer.

43. The IC of claim 42, wherein the particular wiring path holds a signal for more

than one clock cycle when the routing multiplexer selects the feedback path as input.

44. A method for operating a configurable routing fabric, the method comprising:

defining a first configuration data for configuring a particular section of the

configurable routing fabric to connect a source circuit with a destination circuit, the particular

section of the routing fabric comprising a particular wiring path connecting an output of a

source circuit to a destination circuit, the particular wiring path comprising first and second

configurable storage elements, wherein an input of the first configurable storage element is

connected to the output of the source circuit and the output of the second configurable storage

element is connected to the input of the destination circuit, wherein the first configuration

data is for configuring the first and second configurable storage elements as clocked storages;

defining a second configuration data for configuring the first and second

configurable storage elements as transparent storages.

45. The method of claim 44, wherein the particular section of the routing fabric

act as a master-slave flip-flop when configured by the first configuration data.



46. The method of claim 44, wherein the particular section of the routing fabric

passes signal transparently from the source circuit to the destination circuit when configured

by the second configuration data.

47. The method of claim 44, wherein source circuit is a configurable routing

multiplexer and the particular section of the routing fabric comprises a feedback path from

the output multiplexer to an input of the routing multiplexer, the method further comprising

defining a third configuration data for configuring the routing multiplexer to select feedback

path in order to hold a data at the particular section of the routing fabric for more than one

clock cycle.

48. The method of claim 44, wherein the first configuration data is for configuring

the particular section of the configurable routing fabric in a first clock cycle and the second

configuration data is for configuring the particular section of the configurable routing fabric

in a second clock cycle.

49. An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a plurality of

arithmetic circuits for performing arithmetic operations.

50. The IC of claim 49, wherein each arithmetic element is for performing an

arithmetic operation based on a operand derived from a signal from a source circuit and

routing the result to a destination circuit.

51. The IC of claim 49, wherein the plurality of configurable logic circuits

perform non-arithmetic operations while the plurality of arithmetic circuits perform

arithmetic operations.

52. The IC of claim 49, wherein each of the plurality of arithmetic circuits

comprises a set configurable routing circuits for outputting results of the arithmetic

operations.

53. The IC of claim 52, wherein the set of configurable routing circuits acts as

transparent wires when configured by a first configuration data.

54. The IC of claim 52, wherein the set of configurable routing circuits acts as

flip-flops when configured by a second configuration data.

55. The IC of claim 54, wherein the results of the arithmetic operations are

outputted every clock cycle.



56. The IC of claim 49, wherein the plurality of arithmetic circuits comprises one

or more parallel prefix adders.

57. The IC of claim 49, wherein the plurality of arithmetic circuits comprises one

or more ripple carry adders.

58. The IC of claim 49, wherein the arithmetic circuits performs addition and

comparison operations.

59. The IC of claim 58, wherein at least one of the arithmetic circuits has a carry

output and a comparison output.

60. The IC of claim 58, wherein at least one of the arithmetic circuits comprises a

wide XOR output that is the XOR of all input bits.

61. The IC of claim 60, wherein the wide XOR output is provided by using a

dedicated XOR gate.

62. The IC of claim 60, wherein the wide XOR output is provided by using XOR

gates that are also used for performing the arithmetic operations.

63. The IC of claim 49, wherein each arithmetic circuit receives a set of inputs

from a set of routing multiplexers in the configurable routing fabric.

64. A method for operating an integrated circuit (IC) comprising a plurality of

configurable logic circuits and a configurable routing fabric for configurably routing signals

among the configurable logic circuits, the method comprising:

defining a first configuration data for configuring a particular section of the

configurable routing fabric to connect a source circuit with a destination circuit, the particular

section of the routing fabric comprising an arithmetic element, the arithmetic element

configured to perform an arithmetic operation based on a operand derived from a signal from

the source circuit and routing the result to the destination circuit;

defining a second configuration data for configuring a neighboring

configurable logic circuit to perform a non-arithmetic operation, wherein the neighboring

configurable logic circuit is physically closer to the arithmetic element than all other

configurable logic elements in the IC.

65. The method of claim 64, wherein the arithmetic element is a first arithmetic

element and the particular section of the configurable routing fabric further comprises a

second arithmetic element, wherein the first configuration data is further for configuring a

routing multiplexer in the particular section of the configurable routing fabric to route a

carry-out signal of the first arithmetic element to the carry-in input of the second arithmetic

element for performing a wider arithmetic operation.



66. The method of claim 65, wherein the first configuration data is further for

configuring a configurable storage element to store the carry-out signal from the first

arithmetic element.

67. A routing circuit comprising:

a first configurable routing multiplexer that is reconfigurable to select one of a

plurality of inputs at a first clock rate;

a plurality of storage elements for storing output data from the configurable

routing multiplexer at the first clock rate, each storage element in the plurality of storage

elements operate at a second clock rate that is slower than the first clock rate, wherein each

said storage element receives a different phase of a clock that operate at the second clock

rate; and

a second configurable routing multiplexer that is reconfigurable to select from

the plurality of storage elements at the first clock rate.

68. The routing circuit of claim 67, wherein each storage element in the plurality

of storage elements is a flip-flop that operates at the second clock rate.

69. The routing circuit of claim 67, wherein the output of the second configurable

routing multiplexer is connected to an input of a configurable storage element for being

configured as a flip-flip or a transparent wire.

70. The routing circuit of claim 67, wherein the first clock rate is an integer

multiple of the second clock rate.

71. The routing circuit of claim 67 further comprising a particular wiring path

connecting an output of the second configurable routing multiplexer to a destination circuit,

the particular wiring path comprising first and second paths and an output multiplexer for

configurably selecting between the first path and the second path, wherein the first path

comprises a clocked storage for storing signals from the output of the source circuit and the

second path comprises a direct connection for directly passing the output of the source circuit

to the destination circuit through the output multiplexer.

72. An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, wherein a particular section of the configurable routing fabric

comprises:



a first configurable routing multiplexer that is reconfigurable to select

one of a plurality of inputs at a first clock rate;

a master clocked storage element for storing output data from the

configurable routing multiplexer at the first clock rate;

a plurality of slave clocked storage elements for storing output data

from the master clocked storage at the first clock rate, each storage element in the plurality of

storage elements operate at a second clock rate that is slower than the first clock rate, wherein

the each storage element receives a different phase of a clock that operate at the second clock

rate; and

a second configurable routing multiplexer that is reconfigurable to

select from the plurality of storage elements at the first clock rate.

73. The routing circuit of claim 72, wherein the master clocked storage circuit and

at least one of the slave clocked storage circuit form a master-slave flip-flop that operates at

the second clock rate.

74. The routing circuit of claim 72, wherein the output of the second configurable

routing multiplexer is connected to an input of a configurable storage element that can be

configured to act as a flip-flip or a transparent wire.

75. The routing circuit of claim 72, wherein the first clock rate is an integer

multiple of the second clock rate.

76. A method for operating a configurable routing fabric, the method comprising:

defining a first configuration data set for configuring a routing circuit in the

configurable routing fabric, the routing circuit comprising (i) a first configurable routing

multiplexer that is reconfigurable to select one of a plurality of inputs at a first clock rate, (ii)

a plurality of storage elements for storing output data from the configurable routing

multiplexer at the first clock rate, each storage element in the plurality of storage elements

operating at a second clock rate that is slower than the first clock rate, wherein the each

storage element receives a different phase of a user clock that operate at the second clock

rate, and (iii) a second configurable routing multiplexer that is reconfigurable to select from

the plurality of storage elements at the first clock rate, wherein each configuration data in the

first configuration data set configures the first configurable routing multiplexer to select an

input to route to the plurality of storage elements in different clock cycles; and

defining a second configuration data set for configuring the second

configurable routing multiplexer to select one of the plurality of storage elements as the

output of the routing circuit in different clock cycles.



77. The method of claim 76, wherein the first configuration data set configures the

first routing multiplexer to route a particular signal into the routing circuit at a first clock

cycle and the second configuration data set configures the second routing multiplexer to

output the particular signal at a second clock cycle

78. The method of claim 76, wherein the first clock cycle and the second clock

cycle correspond to different phases of the user clock.

79. An integrated circuit (IC) comprising:

a computation path comprising a plurality of configurable storage elements

and a plurality of configurable logic circuits, the computation path segmented by the plurality

of configurable storage elements, each segment comprising at least one of the plurality of

configurable logic circuits, wherein:

when configured by a first set of configuration data, a particular

configurable storage allows a first signal from a first configurable logic circuit to pass

through and reach a second configurable logic circuit while storing the first signal at a

clocked storage element; and

when configured by a second set of configuration data, the particular

configurable storage provides the stored first signal to the second configurable logic circuit.

80. The IC of claim 79, wherein the particular configurable storage is configured

by the first set of configuration data in a first clock cycle and by the second set of

configuration data in a second clock cycle, wherein the first and second clock cycles are

consecutive clock cycles.

81. The IC of claim 80, wherein the second configurable logic circuit is

configured to perform identical operations in the first clock cycle and the second clock cycle.

82. The IC of claim 81, wherein the first configurable logic circuit is configured to

perform a different operation in the second clock cycle than in the first clock cycle.

83. The IC of claim 79, wherein the particular configurable storage act as

transparent signal passage when configured by the first set of configuration data.

84. The IC of claim 79, wherein the particular configurable storage act as a flip-

flop when configured by the second set of configuration data.

85. The IC of claim 79, wherein the particular configurable storage comprises first

and second paths and an output multiplexer for configurably selecting between the first path

and the second path, wherein the first path comprises a register for storing signals from the

output of the source circuit and the second path comprises a direct connection for directly

passing the output of the source circuit to the destination circuit through the output



multiplexer, wherein the first configuration data is for configuring the output multiplexer to

select the second path and the second configuration data is for the configuring the output

multiplexer to select the first path.

86. The IC of claim 79, wherein the particular configurable storage comprises a

wiring path comprising first and second storage element, wherein the first configuration data

is for configuring the first and second storage elements as transparent storages and the second

configuration data is for configuring the first and second storage elements as a master-slave

flip-flop.

87. A method for configuring an integrated circuit (IC) based on a user design, the

method comprising:

identifying a computation operation that cannot be completed within a timing

budget defined by a clock period;

assigning the computation operation to be performed by a first configurable

logic circuit and a second configurable logic circuit, wherein the second configurable logic

circuit receives an output from the first configurable logic circuit through a particular

configurable storage circuit;

configuring the particular configurable storage to allow a first signal from the

first configurable logic circuit to pass through to reach the second configurable logic circuit

while storing the first signal during a first clock cycle; and

configuring the particular configurable storage to provide the stored first

signal to the second configurable logic circuit during a second clock cycle.

88. The method of claim 87, wherein the first and second clock cycles are

consecutive clock cycles.

89. The method of claim 87 further comprises configuring the second configurable

logic circuit to perform identical operations in the first clock cycle and the second clock

cycle.

90. The method of claim 87 further comprises configuring the first configurable

logic circuit to perform a different operation in the second clock cycle than in the first clock

cycle.

91. The method of claim 87, wherein the particular configurable storage is

configured to act as transparent signal passage during the first clock cycle.

92. The method of claim 87, wherein the particular configurable storage is

configured to act as a flip-flop during the second clock cycle.



93. The method of claim 87, wherein configuring the particular configurable

storage comprises defining configuration data for configuring an output multiplexer that

selects between a first path and a second path, wherein the first path comprises a register for

storing signals from the output of the source circuit and the second path comprises a direct

connection for directly passing the output of the source circuit to the destination circuit

through the output multiplexer.

94. The method of claim 93 further comprising configuring the output multiplexer

to select the second path during the first clock cycle and select the first path during the

second clock cycle.

95. The method of claim 87, wherein configuring the particular configurable

storage comprises defining configuration data for configuring first and second storage

elements.

96. The method of claim 95 further comprising configuring the first and second

storage elements as transparent storages during the first clock cycle and configuring the first

and second storage elements as master-slave flip-flop during the second clock cycle.

97. The method of claim 87, wherein configuring the particular configurable

storage comprises defining configuration data for configuring an output multiplexer that

selects between a first path and a second path, the first path comprising a first transparent

storage element and the second path comprising a second transparent storage element,

wherein a first configuration data for configuring the first transparent storage element to open

and the second transparent storage element to close and a second configuration data for

configuring the second transparent storage element to open and the first transparent storage

element to close.



AMENDED CLAIMS
received by the International Bureau on 0 1 November 201 3 (01 . 1 1. 3)

What is claimed is:

1. An integrated circuit ("IC") comprising:

a row of configurable circuits for configurably performing a plurality of

operations based on configuration data;

a plurality of configuration retrieval circuits for providing configuration bits to

the row of configurable circuits; and

a row configuration controller for forcing the plurality of configuration

retrieval circuits to output a particular configuration value based on a user signal received at

runtime.

2 . The IC of claim 1, wherein the particular configuration value forces the row of

configurable circuits to be in an initial state.

3 . The IC of claim 2, wherein the initial state forces a configurable routing circuit

in the row of configurable circuits to select a signal from a closed storage element as output.

4 . The IC of claim 2, wherein the initial state selects a feedback path from an

output of a routing circuit to an input of the routing circuit.

5 . The IC of claim 1, wherein the user signal is based on an input received by the

IC after the IC has been configured by configuration data loaded into the IC.

6 . The IC of claim 1, wherein the user signal forces the row of configurable

circuits into a power saving mode during a set of clock cycles, wherein the power saving

mode saves power by preventing flickering in the row of configurable circuits.

7 . The IC of claim 1, wherein the user signal is used to select between a first set

of logic operations performed by the row of configurable circuits and a second set of logic

operations performed by configurable circuits that are not in the row of configurable circuits.

8. The IC of claim 1, wherein the row configuration controller provides a set of

select signals to the plurality of configuration retrieval circuits based on the received user

signal, wherein the set of select signals force the plurality of configuration retrieval circuits to

output the particular configuration value.

9 . The IC of claim 8, wherein the particular configuration value is a default value

that is outputted by the plurality of configuration retrieval circuits before configuration data is

loaded into the IC.

10. The IC of claim 8, wherein the particular configuration value is a default value

that is hardwired into the configuration retrieval circuits.



11. The IC of claim 8, wherein the user signal is asserted in a first clock cycle of a

plurality of consecutive clock cycles and the set of select signals are frozen in subsequent

clock cycles of the plurality of consecutive clock cycles.

12. A non-transitory computer readable medium storing a computer program for

configuring an integrated circuit (IC) based on a user design, the computer program

executable on one or more processing units, the computer program comprising sets of

instructions for:

identifying a set of logic elements in the user design that is inactive during a

set of clock cycles;

identifying a user signal that is asserted during the set of clock cycles;

assigning the set of logic elements to a row of configurable circuits; and

routing the identified user signal to put the row of configurable circuits into a

power saving mode during the set of sub-cycles.

13. The non-transitory computer readable medium of claim 12, wherein the

identified user signal disables the set of logic element during set of clock cycles.

14. The non-transitory computer readable medium of claim 12, wherein the user

signal is based on a signal received by the IC when the IC is performing the user design.

15. The non-transitory computer readable medium of claim 12, wherein the set of

clock cycles are consecutive clock cycles.

16. The non-transitory computer readable medium of claim 12, wherein the set of

instructions for assigning the set of logic elements to the row of configurable circuits

comprises a set of instructions for identifying a row of configurable circuits for implementing

the set of logic elements.

17. The non-transitory computer readable medium of claim 16, wherein the set of

instructions for routing the identified user signal comprises a set of instructions for routing

the identified user signal to a row configuration controller for the identified row of

configurable circuits

18. The non-transitory computer readable medium of claim 17, wherein the row

configuration controller uses the identified user signal to force a plurality of configuration

retrieval circuits to output a particular configuration value for the row of configurable

circuits.

19. The non-transitory computer readable medium of claim 18, wherein the

particular configuration value is a default value hardwired into the IC and not determined by

the computer program.



20. The non-transitory computer readable medium of claim 12, wherein the row of

configurable circuits is reconfigured every clock cycle.

21. The non-transitory computer readable medium of claim 12, wherein the set of

instructions for assigning the set of logic elements to a row of configurable circuits comprises

a set of instructions for defining a set of configuration data for configuring the row of

configurable circuits to perform operations of the set of logic elements.

22. The non-transitory computer readable medium of claim 12, wherein the set of

instructions for routing the user signal comprises a set of instructions for defining a set of

configuration data for configuring one or more configurable routing circuits to route the user

signal to a row configuration controller for the row of configurable circuits.

23. An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data;

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a particular wiring path

connecting an output of a source circuit to inputs of a destination circuit;

a first configuration retrieval path for retrieving configuration data for the

source circuit; and

a second configuration retrieval path for retrieving configuration data for the

destination circuit, wherein the first configuration retrieval path is slower than the second

configuration retrieval path.

24. The IC of claim 23, wherein the first configuration retrieval path comprises a

set of delay element for delaying the first configuration retrieval path slower than the second

configuration retrieval path.

25. The IC of claim 24, wherein the set of delay elements comprises a set of

inverters.

26. The IC of claim 23, wherein the destination circuit comprises a configurable

storage element.

27. The IC of claim 26, wherein the configuration data retrieved for the

destination circuit is for controlling the storage operation of the configurable storage element.

28. The IC of claim 26, wherein the first configuration retrieval path is slower

than the second configuration retrieval path in order to ensure that data arriving at the input of

the destination circuit have sufficient hold time for the configurable storage element.



29. The IC of claim 23, wherein the source circuit is a configurable routing

multiplexer.

30. The IC of claim 29, wherein the configuration data retrieved for the source

circuit is for selecting one of a plurality of inputs of the routing multiplexer.

31. (Previously Presented) An integrated circuit (IC) comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a plurality of

configurable storage circuits and a plurality of configurable routing multiplexers, wherein at

least some of the configurable storage circuits receive data from some of the plurality of

configurable routing multiplexers, wherein, within a particular clock cycle, the plurality of

configurable routing multiplexers reconfigures later than and the plurality of configurable

storage circuits.

32. The IC of claim 31 further comprising a first set of configuration data retrieval

paths for reconfiguring the plurality of configurable routing multiplexers every clock cycle

and a second set of configuration data retrieval path for reconfiguring the plurality of

configurable storage circuits every clock cycle.

33. The IC of claim 32, wherein each of the first set of configuration data retrieval

paths is longer than each of the second set of configuration data retrieval paths.

34. The IC of claim 33, wherein the first set of configuration data retrieval path

comprises a first set of delay elements and the second set of configuration data retrieval path

comprises a second set of delay elements, the first set of delay element providing a longer

delay than the second set of delay elements.

35. The IC of claim 32, wherein a first clock driving the first set of configuration

data retrieval paths is delayed relative to a second clock driving the second set of

configuration data retrieval paths.

36. The IC of claim 31, wherein the plurality of configurable routing multiplexers

reconfigures later than and the plurality of configurable storage circuits in every clock cycle

in order to satisfy a hold time requirement at the configurable storage circuits.

37. (Previously Presented) An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and



a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a particular wiring path

connecting an output of a source circuit to a destination circuit, the particular wiring path

comprising first and second configurable storage elements, wherein an input of the first

configurable storage element is connected to the output of the source circuit and the output of

the second configurable storage element is connected to the input of the destination circuit,

wherein the first and second configurable storage elements are configured by a same

configuration signal to jointly act as a clocked storage or as a transparent storage.

38. The IC of claim 37, wherein the first configurable storage elements is

configured by a particular configuration signal and the second configurable storage element is

configured by an inverted version of the particular configuration signal.

39. The IC of claim 37, wherein the particular wiring path acts as a master-slave

flip flop when the first and second configurable storage elements are configured as clocked

storage elements.

40. The IC of claim 39, wherein the particular wiring path passes signal

transparently when the first and second configurable storage are configured as transparent

storage.

41. The IC of claim 37, wherein the source circuit is a configurable routing

multiplexer in the configurable routing fabric.

42. The IC of claim 41, wherein the particular wiring path further comprises a

feedback path from the output of the output multiplexer to an input of the routing multiplexer.

43. The IC of claim 42, wherein the particular wiring path holds a signal for more

than one clock cycle when the routing multiplexer selects the feedback path as input.

44. (Previously Presented) A method for operating a configurable routing

fabric, the method comprising:

defining a first configuration data for configuring a particular section of the

configurable routing fabric to connect a source circuit with a destination circuit, the particular

section of the routing fabric comprising a particular wiring path connecting an output of a

source circuit to a destination circuit, the particular wiring path comprising first and second

configurable storage elements, wherein an input of the first configurable storage element is

connected to the output of the source circuit and the output of the second configurable storage

element is connected to the input of the destination circuit, wherein the first configuration

data is for configuring the first and second configurable storage elements to jointly act as a

clocked storage;



defining a second configuration data for configuring the first and second

configurable storage elements to jointly act as a transparent storage.

45. The method of claim 44, wherein the particular section of the routing fabric

act as a master-slave flip-flop when configured by the first configuration data.

46. The method of claim 44, wherein the particular section of the routing fabric

passes signal transparently from the source circuit to the destination circuit when configured

by the second configuration data.

47. The method of claim 44, wherein source circuit is a configurable routing

multiplexer and the particular section of the routing fabric comprises a feedback path from

the output multiplexer to an input of the routing multiplexer, the method further comprising

defining a third configuration data for configuring the routing multiplexer to select feedback

path in order to hold a data at the particular section of the routing fabric for more than one

clock cycle.

48. The method of claim 44, wherein the first configuration data is for configuring

the particular section of the configurable routing fabric in a first clock cycle and the second

configuration data is for configuring the particular section of the configurable routing fabric

in a second clock cycle.

49. (Previously Presented) An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, the configurable routing fabric comprising a plurality of

arithmetic circuits, each arithmetic circuit in the routing fabric for performing arithmetic

operations on a set of the routed signals.

50. (Previously Presented) The IC of claim 49, wherein each arithmetic

element is for performing an arithmetic operation based on an operand derived from a signal

from a source circuit and routing the result to a destination circuit.

51. The IC of claim 49, wherein the plurality of configurable logic circuits

perform non-arithmetic operations while the plurality of arithmetic circuits perform

arithmetic operations.

52. The IC of claim 49, wherein each of the plurality of arithmetic circuits

comprises a set configurable routing circuits for outputting results of the arithmetic

operations.



53. The IC of claim 52, wherein the set of configurable routing circuits acts as

transparent wires when configured by a first configuration data.

54. The IC of claim 52, wherein the set of configurable routing circuits acts as

flip-flops when configured by a second configuration data.

55. The IC of claim 54, wherein the results of the arithmetic operations are

outputted every clock cycle.

56. The IC of claim 49, wherein the plurality of arithmetic circuits comprises one

or more parallel prefix adders.

57. The IC of claim 49, wherein the plurality of arithmetic circuits comprises one

or more ripple carry adders.

58. The IC of claim 49, wherein the arithmetic circuits performs addition and

comparison operations.

59. The IC of claim 58, wherein at least one of the arithmetic circuits has a carry

output and a comparison output.

60. The IC of claim 58, wherein at least one of the arithmetic circuits comprises a

wide XOR output that is the XOR of all input bits.

61. The IC of claim 60, wherein the wide XOR output is provided by using a

dedicated XOR gate.

62. The IC of claim 60, wherein the wide XOR output is provided by using XOR

gates that are also used for performing the arithmetic operations.

63. The IC of claim 49, wherein each arithmetic circuit receives a set of inputs

from a set of routing multiplexers in the configurable routing fabric.

64. A method for operating an integrated circuit (IC) comprising a plurality of

configurable logic circuits and a configurable routing fabric for configurably routing signals

among the configurable logic circuits, the method comprising:

defining a first configuration data for configuring a particular section of the

configurable routing fabric to connect a source circuit with a destination circuit, the particular

section of the routing fabric comprising an arithmetic element, the arithmetic element

configured to perform a particular arithmetic operation based on a operand derived from a

signal from the source circuit and to route the result to the destination circuit;

defining a second configuration data for configuring a neighboring

configurable logic circuit to perform a non-arithmetic operation while the arithmetic element

is performing the particular arithmetic operation, wherein the neighboring configurable logic



circuit is physically closer to the arithmetic element than all other configurable logic elements

in the IC.

65. The method of claim 64, wherein the arithmetic element is a first arithmetic

element and the particular section of the configurable routing fabric further comprises a

second arithmetic element, wherein the first configuration data is further for configuring a

routing multiplexer in the particular section of the configurable routing fabric to route a

carry-out signal of the first arithmetic element to the carry-in input of the second arithmetic

element for performing a wider arithmetic operation.

66. The method of claim 65, wherein the first configuration data is further for

configuring a configurable storage element to store the carry-out signal from the first

arithmetic element.

67. A routing circuit comprising:

a first configurable routing multiplexer that is reconfigurable to select one of a

plurality of inputs at a first clock rate;

a plurality of storage elements for storing output data from the configurable

routing multiplexer at the first clock rate, each storage element in the plurality of storage

elements operate at a second clock rate that is slower than the first clock rate, wherein each

said storage element receives a different phase of a clock that operate at the second clock

rate; and

a second configurable routing multiplexer that is reconfigurable to select from

the plurality of storage elements at the first clock rate.

68. The routing circuit of claim 67, wherein each storage element in the plurality

of storage elements is a flip-flop that operates at the second clock rate.

69. The routing circuit of claim 67, wherein the output of the second configurable

routing multiplexer is connected to an input of a configurable storage element for being

configured as a flip-flip or a transparent wire.

70. The routing circuit of claim 67, wherein the first clock rate is an integer

multiple of the second clock rate.

71. The routing circuit of claim 67 further comprising a particular wiring path

connecting an output of the second configurable routing multiplexer to a destination circuit,

the particular wiring path comprising first and second paths and an output multiplexer for

configurably selecting between the first path and the second path, wherein the first path

comprises a clocked storage for storing signals from the output of the source circuit and the



second path comprises a direct connection for directly passing the output of the source circuit

to the destination circuit through the output multiplexer.

72. An integrated circuit ("IC") comprising:

a plurality of configurable logic circuits for configurably performing a

plurality of logic operations based on configuration data; and

a configurable routing fabric for configurably routing signals among the

configurable logic circuits, wherein a particular section of the configurable routing fabric

comprises:

a first configurable routing multiplexer that is reconfigurable to select

one of a plurality of inputs at a first clock rate;

a master clocked storage element for storing output data from the

configurable routing multiplexer at the first clock rate;

a plurality of slave clocked storage elements for storing output data

from the master clocked storage at the first clock rate, each storage element in the plurality of

storage elements operate at a second clock rate that is slower than the first clock rate, wherein

the each storage element receives a different phase of a clock that operate at the second clock

rate; and

a second configurable routing multiplexer that is reconfigurable to

select from the plurality of storage elements at the first clock rate.

73. The routing circuit of claim 72, wherein the master clocked storage circuit and

at least one of the slave clocked storage circuit form a master-slave flip-flop that operates at

the second clock rate.

74. The routing circuit of claim 72, wherein the output of the second configurable

routing multiplexer is connected to an input of a configurable storage element that can be

configured to act as a flip-flip or a transparent wire.

75. The routing circuit of claim 72, wherein the first clock rate is an integer

multiple of the second clock rate.

76. A method for operating a configurable routing fabric, the method comprising:

defining a first configuration data set for configuring a routing circuit in the

configurable routing fabric, the routing circuit comprising (i) a first configurable routing

multiplexer that is reconfigurable to select one of a plurality of inputs at a first clock rate, (ii)

a plurality of storage elements for storing output data from the configurable routing

multiplexer at the first clock rate, each storage element in the plurality of storage elements

operating at a second clock rate that is slower than the first clock rate, wherein the each



storage element receives a different phase of a user clock that operate at the second clock

rate, and (iii) a second configurable routing multiplexer that is reconfigurable to select from

the plurality of storage elements at the first clock rate, wherein each configuration data in the

first configuration data set configures the first configurable routing multiplexer to select an

input to route to the plurality of storage elements in different clock cycles; and

defining a second configuration data set for configuring the second

configurable routing multiplexer to select one of the plurality of storage elements as the

output of the routing circuit in different clock cycles.

77. The method of claim 76, wherein the first configuration data set configures the

first routing multiplexer to route a particular signal into the routing circuit at a first clock

cycle and the second configuration data set configures the second routing multiplexer to

output the particular signal at a second clock cycle

78. The method of claim 76, wherein the first clock cycle and the second clock

cycle correspond to different phases of the user clock.

79. An integrated circuit (IC) comprising:

a computation path comprising a plurality of configurable storage elements

and a plurality of configurable logic circuits, the computation path segmented by the plurality

of configurable storage elements, each segment comprising at least one of the plurality of

configurable logic circuits, wherein:

when configured by a first set of configuration data, a particular

configurable storage allows a first signal from a first configurable logic circuit to pass

through and reach a second configurable logic circuit for performing a particular logic

operation while storing the first signal at a clocked storage element; and

when configured by a second set of configuration data, the particular

configurable storage provides the stored first signal from the clocked storage element to the

second configurable logic circuit for completing the particular logic operation.

80. The IC of claim 79, wherein the particular configurable storage is configured

by the first set of configuration data in a first clock cycle and by the second set of

configuration data in a second clock cycle, wherein the first and second clock cycles are

consecutive clock cycles.

81. The IC of claim 80, wherein the second configurable logic circuit is

configured to perform identical operations in the first clock cycle and the second clock cycle.

82. The IC of claim 80, wherein the first configurable logic circuit is configured to

perform a different operation in the second clock cycle than in the first clock cycle.



83. The IC of claim 79, wherein the particular configurable storage act as

transparent signal passage when configured by the first set of configuration data.

84. The IC of claim 79, wherein the particular configurable storage act as a flip-

flop when configured by the second set of configuration data.

85. The IC of claim 79, wherein the particular configurable storage comprises first

and second paths and an output multiplexer for configurably selecting between the first path

and the second path, wherein the first path comprises a register for storing signals from the

output of the source circuit and the second path comprises a direct connection for directly

passing the output of the source circuit to the destination circuit through the output

multiplexer, wherein the first configuration data is for configuring the output multiplexer to

select the second path and the second configuration data is for the configuring the output

multiplexer to select the first path.

86. The IC of claim 79, wherein the particular configurable storage comprises a

wiring path comprising first and second storage element, wherein the first configuration data

is for configuring the first and second storage elements as transparent storages and the second

configuration data is for configuring the first and second storage elements as a master-slave

flip-flop.

87. A method for configuring an integrated circuit (IC) based on a user design, the

method comprising:

identifying a computation operation that cannot be completed within a timing

budget defined by a clock period;

assigning the computation operation to be performed by a first configurable

logic circuit and a second configurable logic circuit, wherein the second configurable logic

circuit receives an output from the first configurable logic circuit through a particular

configurable storage circuit;

configuring the particular configurable storage to allow a first signal from the

first configurable logic circuit to pass through to reach the second configurable logic circuit

while storing the first signal during a first clock cycle; and

configuring the particular configurable storage to provide the stored first

signal to the second configurable logic circuit during a second clock cycle.

88. The method of claim 87, wherein the first and second clock cycles are

consecutive clock cycles.



89. The method of claim 87 further comprises configuring the second configurable

logic circuit to perform identical operations in the first clock cycle and the second clock

cycle.

90. The method of claim 87 further comprises configuring the first configurable

logic circuit to perform a different operation in the second clock cycle than in the first clock

cycle.

91. The method of claim 87, wherein the particular configurable storage is

configured to act as transparent signal passage during the first clock cycle.

92. The method of claim 87, wherein the particular configurable storage is

configured to act as a flip-flop during the second clock cycle.

93. The method of claim 87, wherein configuring the particular configurable

storage comprises defining configuration data for configuring an output multiplexer that

selects between a first path and a second path, wherein the first path comprises a register for

storing signals from the output of the source circuit and the second path comprises a direct

connection for directly passing the output of the source circuit to the destination circuit

through the output multiplexer.

94. The method of claim 93 further comprising configuring the output multiplexer

to select the second path during the first clock cycle and select the first path during the

second clock cycle.

95. The method of claim 87, wherein configuring the particular configurable

storage comprises defining configuration data for configuring first and second storage

elements.

96. The method of claim 95 further comprising configuring the first and second

storage elements as transparent storages during the first clock cycle and configuring the first

and second storage elements as master-slave flip-flop during the second clock cycle.

97. The method of claim 87, wherein configuring the particular configurable

storage comprises defining configuration data for configuring an output multiplexer that

selects between a first path and a second path, the first path comprising a first transparent

storage element and the second path comprising a second transparent storage element,

wherein a first configuration data for configuring the first transparent storage element to open

and the second transparent storage element to close and a second configuration data for

configuring the second transparent storage element to open and the first transparent storage

element to close.
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