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INTEGRATED CIRCUIT HAVING PROGRAMMABLE LOGIC CELLS

This relates to integrated circuits (ICs) including programmable logic devices (PLDs)

which are configurable to reduce performance variability.

BACKGROUND

Electronics designers continually adapt their designs to account for changes in design

approaches and electronics technology. One such design issue encountered is the increase of

the relative process variability between nodes, such as when transitioning from 45 nm to 28

nm. This variability generally results in circuit designers adding additional margins to their

designs to account for uncertainty in operational circumstances, such as spatial transistor

variations, local transistor mismatch, VT skew, and interlayer interconnect variation.

Designs of ICs such as digital logic circuits formed from electronically connected digital

logic cells, therefore, are increasingly being affected by inherent variations in the digital logic

cells, which result from IC performance affecting parameters, such as resulting from variation

in manufacturing processes.

Current design approaches require designers to be aware of and account for process

variations for each digital logic cell, such as the most basic standard two transistor CMOS

inverter cell. Variations in the supply voltage and/or ground reference voltage result in

changes in the time required for the cell to process the input signal to produce the output

signal, such as indicated in its delay time (also referred to as the cell delay), rise time and fall

time parameters.

Increased variations in cell delays produce a significant increase in the worst-case cell

delays over the nominal delays. In some cases, the worst-case delays may be so significant

that traditional logic design methods are rendered ineffective.

Further, standard logic cells are generally produced having standard drive strengths.

Thus, designers generally limit and/or adjust their designs to utilize the available standard

drive strengths. As used herein, the rise or fall time of a cell resulting from fabrication with a

strong process is defined to be less than the rise or fall time of a cell resulting from a weak

process. Changing a cell to utilize a different drive strength may result in the need for the

entire cell to be redesigned and the IC refabricated with the new element, which further

increases development time and resources.

Attempts to overcome this performance variation problem have generally focused on

utilizing mathematical model and specially-developed algorithms to model the cell delay or

other timing parameter. In the case of cell delays, for handling large worst-case delays, a



statistical timing analysis methodology can be used to model the rise and fall times as random

variables. The statistical models are then used by the designer to check for critical paths and

close timing, rather than designing the logic to meet the worst-case rise time. Specially-

developed algorithms add complexity to the solution, and, therefore, increase the time

required to analyze the solution and develop the IC product.

SUMMARY

Embodiments of the invention include methods for calibrating integrated circuits

(ICs) comprising at least one programmable digital logic cell, and related ICs. Embodiments

of the invention provide localized calibratable programmable digital logic cells that can

address circuit performance variability, such as due to process variations, supply voltage

variations, and environmental variables (e.g., temperature). As described above,

programmable logic cells with 45 nanometers (nm) and smaller architectures can show a

significant increase and variation in timing parameters such as cell delay (e.g., rise time

and/or fall time) which can be compensated for by embodiments of the invention.

Programmable digital logic cells according to embodiments of the invention generally

provide a plurality of different accessible circuit configurations, or a voltage level controller

that can comprise a supply voltage or back gate voltage controller. At least one electrical

performance parameter (e.g., PMOS or NMOS strength) that can affect a processing speed of

the programmable digital logic cell or a parameter that can affect the electrical performance

parameter (e.g., voltage supplied, or temperature) is measured to obtain calibration data using

a reference device. As used herein, a "reference device" refers to a device or circuit that is

not electrically coupled to the programmable digital logic cell upon which a measurement

therefrom provides calibration data. The reference device may be on or off the IC. In the

embodiment the reference device is off the IC, the reference device is generally a test

structure on a wafer, wherein the IC and a plurality of other ICs are formed on the same

wafer.

The calibration data is used to program the digital logic cell(s), such as by generating

at least one control signal from the calibration data which is operable to select one of the

plurality of different circuit configurations or a voltage level output by the voltage level

controller. The selection implemented by the programming changes the processing speed of

the programmable digital logic cell. The selection which changes the processing speed of the

programmable digital logic cell can be based on, but is not limited to, changing parameters

including cell delay time, rise time, fall time, duty-cycle errors and sample and hold times



(e.g., for digital to analog converter ICs). Although it is generally desirable to increase

processing speed, embodiments of the invention also include selecting a circuit configuration

or a voltage level output to reduce the processing speed (e.g., to save power).

The programmable digital logic cells can embodied as programmable digital logic

cells or reprogrammable (i.e. continuously, periodically or aperiodically) digital logic cells.

In the programmable embodiment, the selective coupling circuitry is provided for selectively

coupling or selectively decoupling programmable tuning circuitry to a dedicated digital

logical cell.

As used herein, a "dedicated" digital logical cell is a digital logical cell that is

configured, independent of the programming for the programmable digital logic cell, to

provide at least one input and at least one output for the programmable digital logic circuit

and to perform at least one digital logical function. The programmable tuning circuitry and

selective coupling circuitry can be used to compensate for variables that can affect the

processing speed of the digital logic cell, such as temperature, power supply level, and

process-induced device, interconnect and/or parasitic device variations, wherein the

programmable tuning circuitry provides compensation at the digital logic cell or transistor

level.

The selective programming can be based on a plurality of fuses or a plurality

switches. For example, the step of setting the state of the fuses (e.g., applying energy to blow

certain fuses and rendering those fuses electrically open) or switches comprises the

programming in this embodiment. Such programming is generally performed a single time,

such as while the ICs are together with a plurality of other ICs in wafer form at wafer probe,

or as packaged discrete ICs during package test. In another embodiment, the IC is integrated

into an electronic assembly (e.g., an electronic product) comprising a workpiece (electronic

substrate, e.g., printed circuit board) which can comprise one or more other ICs mounted on

the workpiece.

In another programmable digital logic circuit embodiment, a memory circuit is

provided on the IC, such as a register, which can establish enablement states for the control

signals, so that the performance characteristics can be effectively fixed for the digital logic

cell. Thus, when the digital logic cell is initialized, the control signals can be adjusted in

accordance with the settings established in the memory, resulting in stable or "static"

compensated performance characteristics for the digital logic circuit.



As described above, in the reprogrammable digital logic cell embodiment the

programmable digital logic cells can be programmed and reprogrammed a plurality of times,

and in one embodiment be considered to be continuously programmable during operation. In

this embodiment the reprogrammable digital logic cell is operable to receive at least one

control signal that modifies to the programmable tuning circuitry, which adjusts the

processing speed of the reprogrammable digital logic cell, such as by changing its rise time

and/or fall time to reduce cell delay.

In another embodiment, discrete programmable cells of a digital logic cell formed

from programmable cells can be dynamically adjusted when the digital logic cell is

operational, which will dynamically change performance characteristics of the programmable

digital logic cell as desired. Thus, designing digital logic circuits using programmable digital

logic cells permits designers to exert fine-grained control of the circuit's performance

characteristics down to the cell/transistor level.

Numerous techniques can be used to create a programmable digital logic cells

according to embodiments of the invention, including placing selectively activatable (via one

or more control signals, switches and/or fuses) tuning circuitry in parallel or in series with the

dedicated digital logical cell, and/or selectively adjusting supply or a reference voltage (via a

control signal) supplied to the programmable digital logic cell.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block level schematic diagram of a CMOS IC including at least a first

programmable digital logic cell that comprises a first dedicated digital logical cell,

programmable tuning circuitry, and circuitry for coupling or decoupling the programmable

tuning circuitry to the first dedicated digital logical cell, according to an embodiment of the

invention.

FIG. 2 is a block level schematic diagram of a CMOS IC including at least a first

reprogrammable digital logic cell comprises a first dedicated digital logical cell,

programmable tuning circuitry, and circuitry for coupling or decoupling the programmable

tuning circuitry to the first dedicated digital logical cell, according to an embodiment of the

invention.

FIG. 3A is a block level schematic diagram of a programmable digital logic cell in

accordance with an embodiment of the invention.

FIG. 3B is a depiction of switching characteristics for a conventional digital logic cell

fabricated with a strong process corner, a dedicated digital logic cell fabricated with a weak



process corner, and a programmable digital logic cell in accordance with an embodiment of

the invention having a dedicated digital logic cell tuned by programmable tuning circuitry.

FIG. 4 is a block level schematic diagram of a programmable digital logic cell

comprising a dedicated digital logic cell having programmable tuning circuitry comprising N

inverter cells, in accordance with an embodiment of the invention.

FIG. 5 is a block level schematic diagram of a programmable digital logic cell having

skewing ability comprising a first digital logic cell (inverter) comprising first PMOS and first

NMOS transistor, and programmable tuning circuitry comprising a plurality of additional

PMOS transistors and a plurality of additional NMOS transistors, according to an

embodiment of the invention.

FIG. 6 is a block level schematic diagram of a programmable digital logic cell,

wherein the programmable tuning circuitry comprises a voltage controller for controlling a

level of VDD supplied to the first programmable digital logic cell, according to an

embodiment of the invention.

FIG. 7 is a block level schematic diagram of a programmable digital logic cell

wherein the programmable tuning circuitry comprises a voltage controller for controlling a

level of VSS supplied to the first programmable digital logic cell.

FIG. 8 is a block level schematic diagram of a programmable digital logic cell

wherein the programmable tuning circuitry comprises a voltage controller for controlling a

level of a back gate voltage, according to an embodiment of the invention.

FIG. 9 is a block level schematic diagram of a programmable digital logic cell that

includes programmable tuning circuitry implementing series control according to an

embodiment of the invention.

FIG. 10 shows a schematic diagram of an RS flip-flop that includes at least one

programmable digital logic cell, according to an embodiment of the invention.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

Embodiments of the invention provide solutions for adjusting the dynamic

performance of digital logic cells to compensate for performance affecting variables, such as

process variations, power supply variations or environmental variations. Tuning circuitry is

added to the digital logic cell which can be selectively activated by tuning control signals.

Process variations can be detected by parametric data, such as obtained at wafer probe (e.g.,

using test structures) at the package test level, or while in service when the IC chip is



integrated into a product. For example, power supply variations or environmental variations

can be sensed while the IC is in service using well known sensing devices and techniques.

FIG. 1 is a block level schematic diagram of a CMOS integrated circuit (IC) 100

including at least one programmable digital logic cell 110 referred to as first programmable

digital logic cell 110 that comprises a first dedicated digital logic cell 120, programmable

tuning circuitry 140, and circuitry for coupling or decoupling 150 the programmable tuning

circuitry 140 to first dedicated digital logic cell 120, according to an embodiment of the

invention. First dedicated digital logic cell 120 includes at least one input node 131 and at

least one output node 132 that reflects performance of a digital logical function. First

dedicated digital logic cell 120 is generally a standard digital logic circuit that comprises a

plurality of transistors including at least one PMOS transistor 125 and at least one NMOS

transistor 130 configured to perform at least one digital logical function, such as the example

standard CMOS inverter shown in FIG. 1. More generally, first dedicated digital logic cell

120 generally provides a Boolean logic function, such as, but not limited to, NAND, AND,

OR, NOR, XOR, XNOR or an inverter function.

The first programmable digital logic cell 110 includes tuning circuitry 140 coupled by

circuitry for coupling or decoupling 150 shown as fuses 150 to at least one of the plurality of

nodes of the first dedicated digital logic cell 120. Tuning circuitry 140 as shown in FIG. 1

comprises a first and second inverter that are in parallel relative to first dedicated digital logic

cell 120 when programmed (e.g., fuses 150 made to be electrically conductive) to both be

active. The operation of first programmable digital logic cell 110 as reflected in the tuning

circuit output 132 is thus different based on the programming of fuses 150, which after

programming changes a processing speed for the first programmable digital logic cell 110.

As noted above, fuses can generally be replaced by switches.

Generally, the processing speed (e.g., cell delay) for first programmable digital logic

cell 110 with one or more of the inverters in tuning circuitry 140 programmed to be active is

less than the processing speed for first programmable digital logic cell 110 without any of the

inverters in tuning circuitry 140 programmed to be active (e.g., the cell delay is

approximately the cell delay provided by first dedicated digital logic cell 120 alone).

However, as described above, embodiments of the invention also include programming to

decrease the processing speed for first programmable digital logic cell 110 as compared to the

first dedicated digital logic cell 120 alone.



As known in the art, fuses, such as fuses 150 shown in FIG. 1, may be grouped into

two classes, laser fuses and electrical fuses. Laser fuses are blown by a chip-external laser

beam which irradiates specific fuses to supply enough energy to blow the fuses. For laser

fuses, a laser beam is simply pointed at the fuses which are to be blown, that is, addressing by

location. Known electrical fuses can be a wire type or a semiconductor layer type. For the

wire type, a relatively low-resistive element, such as a wire, increases its resistance

permanently once a high current stresses this element. The stressed wire creates an opening

similar to traditional laser-fuses. For the layer type fuse, a high-resistive layer between

conductive layers permanently decreases its resistance from a high voltage or consecutive

current, leading to a breakdown of this layer. For example, an isolator or dielectric material

which starts to break through at a certain voltage level and stays permanently damaged

forming a low resistive path. Unlike laser fuses, electrical fuses are not blown solely by

addressing by location. Instead, electrical fuses are blown by accessing pins of a chip or

bond pads of a wafer, and in some arrangements together with electrical control signals that

control addressing by location.

FIG. 2 is a block level schematic diagram of a CMOS IC 200 including at least a first

reprogrammable digital logic cell 210 that comprises a first dedicated digital logic cell 120,

and programmable tuning circuitry 240. IC 200 includes register 225, which stores

programming information which allows output of at least one control signal 250 which is

used to program the programmable tuning circuitry 240. Selective coupling circuitry in the

embodiment shown comprises switch or switches 245 (e.g., transistor switches) for

selectively coupling or selectively decoupling the control signal(s) 250 to the programmable

tuning circuitry 240, according to an embodiment of the invention.

Programmable tuning circuitry 240 is shown including at least one tuning input node

241 and at least one tuning circuit output node 242. Dashed lines show some of many

possible connections between the output 242 of programmable tuning circuitry 240 and the

plurality of nodes of the first dedicated digital logic cell 120, such as made possible by

switched connections. In one embodiment, the tuning input node 241 receives at least one

control signal 250 that is operable to select different output states reflected at tuning circuit

output 242, wherein respective ones of the different output states provide a different

processing speed for the first reprogrammable digital logic cell 210. In one simplified

example, in one state (e.g., control signal 250 turning programmable tuning circuitry 240 off

or not turning programmable tuning circuitry 240 on) first reprogrammable digital logic cell



210 can provide a weak process/corner characteristics (i.e., resulting in a slower processing

speed) and in another state (control signal 250 turning tuning circuitry 240 on) first

reprogrammable digital logic cell 210 can provide a strong process corner characteristics (i.e.

resulting in a faster processing speed).

In one embodiment, the first reprogrammable digital logic cell 210 is implemented in

a standard cell layout wherein as well known in the art, the respective transistors are formed

by gate electrode (e.g., suicided polysilicon) "fingers" that cross n- diffusion stripes (PMOS)

and p- diffusion stripes (NMOS). In such an embodiment, all the PMOS transistors for first

dedicated digital logic cell 120 (including PMOS 125) and PMOS transistors for

programmable tuning circuitry 240 are formed in a common n-stripe and all the NMOS

transistors for first dedicated digital logic cell 120 (including NMOS 130) and tuning

circuitry 240 are formed in a common p- stripe. As known in the art, a single finger can be

used to form the common gate for the respective transistors of a standard CMOS inverter.

FIG. 3A is a block level schematic diagram of a programmable digital logic cell 300

in accordance with an embodiment of the invention. Programmable digital logic cell 300

comprises dedicated digital logic cell 301 and programmable tuning circuitry 302 hooked in

parallel. Dedicated digital logic cell 301 is shown having a tuning strength of Ix, and

programmable tuning circuitry 302 having a tuning strength of δx, where δ is a non-zero

parameter, which can be >1, =1, or < 1. For example, the processing performed by

programmable digital logic cell 300 having programmable tuning circuitry 302 with a tuning

strength of 0.5x can be increased by 0.5x (to 1.5 x) when programmable tuning circuitry 302

is activated. The programmable digital logic cell 300 embodied as two (2) inverters is shown

as a single inverter for simplifying and illustrative purposes only, and that the illustrated

configurations can be utilized with a variety of other logic cells, having a variety of logic

building blocks in a variety of numbers.

The programmable tuning circuitry 302 can comprise a matched digital logic cell

relative to the dedicated digital logic cell 301. Generally, the geometry of the matched digital

logic cell 302 is different as compared to the dedicated digital logic cell 301, as reflected in

the δ parameter. As known in the art, the close proximity provided by standard cell designs

(spacings on the order of 1 µm, or less, such as between transistors in programmable tuning

circuitry 302 and transistors in dedicated digital logic cell 301) improves matching through

doping, etching and lithographically being essentially the same.



In one embodiment, programmable digital logic is embodied as a standard cell design.

Like a standard CMOS inverter, the programmable digital logic cell 300 can generate an

inverted output signal 320 upon receipt of an input signal 310 at its input lead 305. Unlike a

standard CMOS inverter, programmable digital logic cell 300 is a programmable cell having

adjustable processing speed based on the presence or absence of, or level of, control signal

330. For example, in one state (control signal 330 off) cell 300 can have weak process/corner

characteristics and in another state (control signal on) cell 300 can have strong process/corner

characteristics. The presence of programmable tuning circuitry 302 can allow modifications

to the programmable digital logic cell 300 without requiring additional fabrication or design

changes. Thus, ICs including cell designs according to embodiments of the invention can be

developed with reduced development time and cost.

FIG. 3B is a depiction of switching characteristics for a conventional digital logic cell

such as dedicated digital logic cell 301 fabricated with a strong process corner 370, a

dedicated digital logic cell 301 fabricated with a weak process corner 365, and a

programmable digital logic cell 300 according to an embodiment of the invention having

dedicated digital logic cell 301 having a weak process corner tuned by programmable tuning

circuitry 302 to provide a response like that from as strong process corner 370, shown as

"Weak corner-Control-On" 360. The performance of programmable digital logic cell 300 in

accordance with an embodiment of the invention having a dedicated digital logic cell 301

fabricated with a weak process tuned by programmable tuning circuitry 302 (response 360)

can be seen to approach the switching performance of the dedicated digital logic cell 301

fabricated with a strong process corner (response 370).

FIG. 4 is a block level schematic diagram of a programmable digital logic cell 400

comprising a dedicated digital logic cell (inverter) 401 having programmable tuning circuitry

402 comprising N inverter cells, in accordance with an embodiment of the invention. Each of

the N inverter cells can comprise a finger in a standard cell design. The δ parameters for the

respective N inverter cells can be the same or different. In one embodiment, the δ parameters

are binary weighted. Control signal is shown as 430. As noted above, the use of an inverter

cell to demonstrate embodiments of the invention is for illustrative purposes only, and that

embodiments of the invention can be utilized with a variety of digital logic cells, such as

NAND, XOR, OR, etc.

The N elements of the programmable tuning circuitry 402 can be selectively activated

by the control signal 430, such as using known addressing circuitry and methodologies. That



is, different ones of the N elements of programmable tuning circuitry 402 can be activated

each time the process-tuning digital inverter cell having N elements executes the process to

account for dynamic operating conditions. For example, all logic tuning elements can be

activated to augment a severely weak process, whereas only a single one of the N logic

tuning elements may be activated for a slightly weak process, and none of the N logic tuning

elements may be activated for a strong process. It is generally appropriate to only activate

respective ones of the N elements to achieve the minimum tuning strength addition needed to

reach the desired switching performance, since any additional tuning strength beyond the

tuning strength needed to reach the desired switching performance will generally increase

power dissipation and provide little performance enhancement.

In one embodiment, the N elements of programmable tuning circuitry 402 can be

configured such that the N elements are centered on a nominal process strength. In the case

N comprises an even quantity, the nominal process strength can activate only half of the N

elements. Less than half of the logic tuning elements could be used for a strong process, and

more than half of the logic tuning elements could be used for a weak process. This approach

can be extended to account for N= an odd number of elements and/or balancing techniques

that activate a quantity of the N elements not based on halves. For example, for N=IO, the

design can be configured to activate 6 logic elements to reach a desired processing speed for

the cell for a nominal process strength.

FIG. 5 is a block level schematic diagram of a programmable digital logic cell 500

having skewing ability comprising a first dedicated digital logic cell (inverter) 120

comprising first PMOS 125 and first NMOS 130, and programmable tuning circuitry 502

comprising a plurality of additional PMOS transistors 562 and a plurality of additional

NMOS transistors 564, according to an embodiment of the invention. Selective PMOS

coupling circuitry 580 selectively couples a PMOS control signal 585 to at least a portion of

the first PMOS transistor 125 and the plurality of additional PMOS transistors 562 and

selective NMOS coupling circuitry 560 selectively couples an NMOS control signal 565 to at

least a portion of the NMOS transistor 130 and the plurality of additional NMOS transistors

564. Skew as used herein refers to turning on a different number of PMOS and NMOS

transistors in the programmable tuning circuitry. Hence, the technique of turning on more

PMOS devices (as compared to NMOS devices) to compensate for a weak PMOS corner (or

the inverse) can be generally applied to inverter cells and other digital logic cells.

Independent control for activating the PMOS transistors and NMOS transistors allows for a



finer level of control. For example, if the PMOS is weak and the NMOS is strong, then more

PMOS transistors selected from 125, 562 will be activated by PMOS control signal 585 via

selective PMOS coupling circuitry 580 to have the resulting rise time to match the fall time

which is set by selected ones of the NMOS transistors 130, 564.

FIG. 6 is a block level schematic diagram of a programmable digital logic cell 600

wherein the programmable tuning circuitry comprises a voltage controller 610 for controlling

a level of VDD supplied to first dedicated digital logic cell 120, according to an embodiment

of the invention. As shown in FIG. 6, voltage controller 610 receives a high supply voltage

shown as VDD and based on the control signal 630 received controls the level of the VDD to

provide VDD' which is supplied to the drain of PMOS 125. VDD' can be higher or lower

than VDD. For example, when the process is weak, the VDD' can be > VDD to improve the

processing speed of the digital logic cell (e.g., rise time). Conversely, when the process is

strong, VDD' can be < VDD without degrading the processing speed of the digital logic cell.

Unlike the other programmable digital logic cells described above, programmable digital

logic cell 600 is configured to utilize voltage tuning to tune dynamic performance of the first

dedicated digital logic cell 120, instead of using programmable tuning circuitry comprising

logic tuning elements. It should be noted, however, that the embodiments of the invention

include programmable digital logic cells that include voltage tuning to tune the processing

speed of the programmable digital logic cell as well as tuning circuitry comprising logic

tuning elements.

FIG. 7 is a block level schematic diagram of a programmable digital logic cell 700

wherein the programmable tuning circuitry comprises a voltage controller 710 for controlling

a level of VSS supplied to the first programmable digital logic cell 700, according to an

embodiment of the invention. As shown in FIG. 7, voltage controller 710 receives a low

supply voltage shown as VSS and based on control signal 730 controls the level of VSS to

provide VSS' which is supplied to the source of NMOS 130. VSS' can be higher or lower

than VSS. It should be noted that the ground reference voltage is typically set according to

the nominal process of the digital logic cell. However, this embodiment of the invention is

not limited in this respect.

FIG. 8 is a block level schematic diagram of a programmable digital logic cell 800

wherein the programmable tuning circuitry comprises a voltage controller 810 for controlling

a level of a voltage supplied to a back gate (VBP) for the first PMOS transistor 125, and a

voltage controller 820 for controlling a level of a voltage supplied to a back gate (VBN) for



the first NMOS transistor 130, according to an embodiment of the invention. Control signal

815 is coupled to voltage controller 810 and control signal 825 is coupled to voltage

controller 820. Typically, back gate voltages are tied to the source terminals of the cell (i.e.

VBP=VDD and VBN=VSS), though this embodiment of the invention is not limited in this

respect. VBP' can generally be greater than, equal to or less than VBP, and VBN' can

generally be greater than, equal to or less than VBN. Although the back gate voltage is shown

controlled for both PMOS 125 and NMOS 130, embodiments of the invention can include

controlling only one of the back gate voltage levels.

The tuning back gate voltages shown in FIG. 8 can independently adjust the

performance of the PMOS 125 and NMOS transistor 130 of the inverter (or other logic

element) to compensate for performance affecting variations, such as process variations. For

example, when the NMOS 130 is strong and the PMOS 125 is weak, the VBP' can be set >

VDD to make the PMOS 125 stronger. Alternately, VBN' > VSS (e.g., 0.15 volts when

VSS=ground) to make NMOS 130 weaker.

FIG. 9 is a block level schematic diagram of a programmable digital logic cell 900

that includes programmable tuning circuitry implementing series control, according to an

embodiment of the invention. Programmable digital logic cell 900 includes a first dedicated

digital logic cell 120, and programmable tuning circuitry implementing series control

comprising PMOS series pull-up transistor 925 and NMOS series pulldown transistor 930.

The programmable tuning circuitry also comprises a voltage controller 910 for controlling a

level of a voltage supplied to a gate (VBP') for PMOS transistor 925, and a voltage controller

920 for controlling a level of a voltage supplied to the gate (VBN') for the NMOS transistor

930. Control signal 940 controls the level of VBP, shown as VDP' output by voltage

controller 910, while control signal 960 controls the level of VBN, shown as VBN' output by

voltage controller 920. The voltage controllers 910 and 920 can comprise circuit components

capable of dynamically altering the bias voltage of the specific transistor in response to the

control signals 940 and 960, respectively. Typically, bias voltages VBP' and VBN' are set to

a nominal value (i.e., VBPo and VBNo, respectively) for the cell's 900 nominal process,

environmental or other operating conditions, though this embodiment of the invention is not

limited in this respect.

This configuration including additional transistors 925 and 930 can allow the current

through the first dedicated digital logic cell 120 to be independently adjusted, which, in turn,

can control the processing speed of the programmable digital logic cell 900. For example, to



increase the rise time for cell 900, PMOS 925 can receive a control signal 940 that decreases

the bias voltage (VBP') applied to the gate of PMOS transistor 925 below its nominal value

(VBP). Alternately, NMOS 930 can be receive a control signal 960 that increases the bias

voltage (VBN) applied to gate of NMOS transistor 930 above its nominal value (VBN).

FIG. 10 shows a schematic diagram of an RS flip-flop 1000 that includes at least one

programmable digital logic cell, according to an embodiment of the invention. The flip-flop

1200 has two inputs labeled R and S. There are also two outputs to the flip flop 1000, Q and

Q-bar (shown as Not-Q). RS flip-flop 1000 is shown realized by cross coupling two NOR

gates 1005 and 1010 as shown in FIG. 10. As known in the art, a 2 input NOR gates can be

realized using 2 PMOS transistors and 2 NMOS transistors. Each of the NOR gates 1005 and

1010 can comprise programmable digital logic cells having programmable tuning circuitry

coupled to any of the transistors, according to an embodiment of the invention.

Embodiments of the invention can be integrated into a variety of process flows to

form a variety of devices and related products. Example ICs include high speed digital logic,

memory, mixed signal, integrated RF, digital ICs including CPUs, DSPs, GPUs,

microcontrollers, digital logic used in RF, such as PLLs, sigma-delta modulators, DACs,

ADCs and system clock distribution networks. The semiconductor substrates may include

various elements therein and/or layers thereon. These can include barrier layers, other

dielectric layers, device structures, active elements and passive elements including source

regions, drain regions, bit lines, bases, emitters, collectors, conductive lines, conductive vias,

etc. Moreover, the invention can be used in a variety of processes including bipolar, CMOS,

BiCMOS and MEMS.

Those skilled in the art to which the invention relates will appreciate that many other

embodiments and modifications are possible within the scope of the claimed invention.



CLAIMS

What is claimed is:

1. An integrated circuit, comprising:

at least one programmable digital logic cell, comprising:

a first dedicated digital logic cell comprising a plurality of transistors

including at least one PMOS transistor and at least one NMOS transistor configured to

perform at least one digital logical function, said first dedicated digital logic cell including a

plurality of nodes including at least one input node and at least one output node that reflects

performance of said digital logical function, and

programmable tuning circuitry comprising at least one tuning input and

at least one tuning circuit output, and

circuitry for coupling or decoupling at least one of said tuning input

and said tuning circuit output to at least one of said plurality of nodes of said first dedicated

digital logical cell, said coupling or decoupling changing a processing speed for said

programmable digital logic cell.

2. The integrated circuit of claim 1, wherein said circuitry for coupling or

decoupling comprises a first fuse coupled to said tuning input or a second fuse coupled to

said tuning circuit output.

3. The integrated circuit of claim 1, wherein said circuitry for coupling or

decoupling comprises a switch, said switch for selectively transmitting at least one control

signal to said programmable tuning circuitry, said control signal changing a cell delay of said

programmable digital logic cell.

4. The integrated circuit of claim 1, wherein said programmable tuning circuitry

comprises at least one matched digital logic cell relative to said first dedicated digital logic

cell configured to perform said digital logical function, said matched digital logic cell

connected to said dedicated digital logic cell when said circuitry for coupling or decoupling

couples said matched digital logic cell to said first dedicated digital logic cell.

5. The integrated circuit of claim 4, wherein said at least one matched digital

logic cell comprises a plurality of said matched digital logic cells, wherein at least a portion



of said plurality of said matched digital logic cells have at least one different drive strength as

compared to a drive strength of said first dedicated digital logic cell.

6. The integrated circuit of claim 5, wherein said plurality of said matched digital

logic cells provide a plurality of different levels of said drive strength.

7. The integrated circuit of claim 5, wherein said circuitry for coupling or

decoupling comprises a plurality of switches each associated with respective ones of said

plurality of said matched digital logic cells, said plurality of switches for selectively

transmitting at least one control signal to said programmable tuning circuitry, said control

signal changing said processing speed for said programmable digital logic cell.

8. The integrated circuit of claim 7, wherein said at least one control signal

comprises a plurality of addressable control signals that collectively provide independent

control for said plurality of said matched digital logic cells.

9. The of integrated circuit of claim 1, wherein said programmable tuning

circuitry comprises a voltage controller for controlling a level of a voltage supplied to said

programmable digital logic circuit; said voltage controller is configured to control at least one

of VDD or VSS for said first dedicated digital logic cell, a back gate voltage for said first

PMOS transistor, and a back gate voltage for said first NMOS transistor.

10. The integrated circuit of claim 1, wherein said programmable tuning circuitry

comprises a plurality of additional PMOS transistors and a plurality of additional NMOS

transistors, and said circuitry for coupling or decoupling selectively couples a PMOS control

signal to at least a portion of said first PMOS transistor and said plurality of additional PMOS

transistors and selectively couples an NMOS control signal to at least a portion of said first

NMOS transistor and said plurality of additional NMOS transistors.

11. The integrated circuit of claim 1, wherein said programmable tuning circuitry

comprises a second PMOS transistor in series with a source drain path of said first PMOS

transistor and a second NMOS transistor in series with a source drain path of said first NMOS

transistor.



12. A method for calibrating an integrated circuit, comprising at least one

programmable digital logic cell, said programmable digital logic cell providing a plurality of

different accessible circuit configurations or comprising a voltage level controller,

comprising:

providing calibration data for said programmable digital logic cell based on at

least one electrical performance parameter that can affect a processing speed of said

programmable digital logic cell or at least one parameter that can affect said electrical

performance parameter, and

programming said programmable digital logic cell to select a first of said

plurality of different circuit configurations or a voltage level output by said voltage level

controller based on said calibration data, wherein said programming changes said processing

speed of said programmable digital logic cell.

13. The method of claim 12, wherein said programmable digital logic cell includes

at least one PMOS transistor and at least one NMOS transistor, and wherein said electrical

performance parameter comprises at least one of a strength parameter for said PMOS

transistor and a strength parameter for NMOS transistor.

14. The method of claim 12, wherein said programmable digital logic cell

comprises a first dedicated digital logical cell including a plurality of nodes including at least

one input node and at least one output node that reflects performance of a digital logic

function, programmable tuning circuitry comprising at least one tuning input and at least one

tuning circuit output, and circuitry for coupling or decoupling at least one of said tuning input

and said tuning circuit output to at least one of said plurality of nodes of said first dedicated

digital logical cell, wherein said circuitry for coupling or decoupling comprises a first fuse

coupled to said tuning input or a second fuse coupled to said output, and

wherein said programming comprises applying energy to change a state of

said first or said second fuse.

15. The method of claim 12, wherein said programmable digital logic cell

comprises a first dedicated digital logical cell including a plurality of nodes including at least

one input node and at least one output node that reflects performance of a digital logic



function, programmable tuning circuitry comprising at least one tuning input and at least one

tuning circuit output, and circuitry for coupling or decoupling at least one of said tuning input

and said tuning circuit output to at least one of said plurality of nodes of said first dedicated

digital logical cell, wherein said circuitry for coupling or decoupling comprises a switch, said

switch for selectively transmitting at least one control signal to said programmable tuning

circuitry, said control signal changing said processing speed for said programmable digital

logic cell.

16. The method of claim 15, wherein said programmable tuning circuitry

comprises a plurality of said matched digital logic cells relative to said first dedicated digital

logic cell configured to perform said digital logical function, said plurality of matched digital

logic cell being connected to said first dedicated digital logic cell when said circuitry for

coupling or decoupling couples at least one of said plurality of matched digital logic cell to

said first dedicated digital logic cell, wherein at least a portion of said plurality of said

matched digital logic cells have a drive strength that different as compared to a drive strength

of said first dedicated digital logic cell.

17. The method of claim 16, wherein said at least one control signal comprises a

plurality of addressable control signals that collectively provide independent control for said

plurality of said matched digital logic cells.
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