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(54) DYNAMICALLY SCALABLE TIMING AND POWER MODELS FOR PROGRAMMABLE LOGIC 
DEVICES

(57) Embodiments of the present disclosure are re-
lated to dynamically adjusting (86) a timing and/or power
model for a programmable logic device. In particular, the
present disclosure is directed to adjusting (86) a timing
and/or power model of the programmable logic device
that operates at a voltage level that is not other than a
predefined voltage defined by a voltage library (82). A
system (80) of the present disclosure may interpolate
between voltage levels defined by the voltage libraries

(82) to generate a new voltage library for the program-
mable logic device. A timing and/or power model (88)
may be generated for the programmable logic device
based on the new voltage library and the programmable
logic device may be analyzed (90) using the timing and/or
power model (88) at the interpolated voltage. The timing
and/or power model (88) may be used to generate a bit-
stream (fig. 5: 106) that is used to program the integrated
circuit.
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Description

BACKGROUND

[0001] The present disclosure relates generally to in-
tegrated circuit (IC) devices, such as programmable logic
devices (PLDs). More particularly, the present disclosure
is related to dynamically adjusting a timing and/or power
model for a PLD.
[0002] This section is intended to introduce the reader
to various aspects of art that may be related to various
aspects of the present disclosure, which are described
and/or claimed below. This discussion is believed to be
helpful in providing the reader with background informa-
tion to facilitate a better understanding of the various as-
pects of the present disclosure. Accordingly, it should be
understood that these statements are to be read in this
light, and not as admissions of prior art.
[0003] Integrated circuit devices may be utilized for a
variety of purposes or applications, such as digital signal
processing and machine learning. Indeed, machine
learning and artificial intelligence applications have be-
come ever more prevalent. Programmable logic devices
(PLDs) may perform many of these functions. It may be
desired for a programmable logic device (PLD) to operate
using a particular power level. Some integrated circuit
devices may have various voltage libraries for predefined
voltage levels that can be used. The voltage libraries may
be used for controlling the integrated circuit devices
which operate at the corresponding voltage level. How-
ever, a particular integrated circuit device may operate
at a particular voltage level that is not one of the prede-
fined voltage levels.
[0004] A system design of some integrated circuit de-
vices may be fixed during manufacturing and, thus, may
have an operating voltage level that is predictable in ad-
vance of operation. However, a system design of a pro-
grammable logic device, such as a field programmable
gate array (FPGA), may not be known at the time of man-
ufacturing. Therefore, behavior of the PLD in operation
is not known at the time of manufacturing. Further, if the
PLD operates at a voltage level other than the particular
voltage level of the PLD may cause operating inefficiency
and consumption of additional (e.g., wasted) power.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Various aspects of this disclosure may be better
understood upon reading the following detailed descrip-
tion and upon reference to the drawings described below.

FIG. 1 is a block diagram of a system that may gen-
erate a timing and/or power model for an integrated
circuit, in accordance with an embodiment of the
present disclosure.

FIG. 2 is a block diagram of an integrated circuit de-
vice of the system of FIG. 1, in accordance with an

embodiment of the present disclosure.

FIG. 3 is a diagram of a programmable fabric of the
integrated circuit of FIG. 2, in accordance with an
embodiment of the present disclosure.

FIG. 4 is a block diagram of a system for generating
a timing and/or power model for the integrated circuit
of FIGS. 1-3, in accordance with an embodiment of
the present disclosure.

FIG. 5 is a block diagram illustrating example con-
nections of an analysis engine of the system 80 of
FIG. 4, according to an embodiment of the present
disclosure.

FIG. 6 is a flow chart of a process to generate a timing
and/or power model for the integrated circuit (IC) of
FIGS. 1-3 and program the IC using the timing and/or
power model, in accordance with an embodiment of
the present disclosure.

DETAILED DESCRIPTION OF SPECIFIC EMBODI-
MENTS

[0006] One or more specific embodiments will be de-
scribed below. In an effort to provide a concise descrip-
tion of these embodiments, not all features of an actual
implementation are described in the specification. It
should be appreciated that in the development of any
such actual implementation, as in any engineering or de-
sign project, numerous implementation-specific deci-
sions must be made to achieve the developers’ specific
goals, such as compliance with system-related and busi-
ness-related constraints, which may vary from one im-
plementation to another. Moreover, it should be appre-
ciated that such a development effort might be complex
and time consuming, but would nevertheless be a routine
undertaking of design, fabrication, and manufacture for
those of ordinary skill having the benefit of this disclosure.
[0007] When introducing elements of various embod-
iments of the present disclosure, the articles "a," "an,"
and "the" are intended to mean that there are one or more
of the elements. The terms "including" and "having" are
intended to be inclusive and mean that there may be
additional elements other than the listed elements. Ad-
ditionally, it should be understood that references to
"some embodiments," "embodiments," "one embodi-
ment," or "an embodiment" of the present disclosure are
not intended to be interpreted as excluding the existence
of additional embodiments that also incorporate the re-
cited features. Furthermore, the phrase A "based on" B
is intended to mean that A is at least partially based on
B. Moreover, the term "or" is intended to be inclusive
(e.g., logical OR) and not exclusive (e.g., logical XOR).
In other words, the phrase A "or" B is intended to mean
A, B, or both A and B.
[0008] As processing applications have become ever
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more prevalent, there is a growing desire for circuitry to
perform complex calculations that may use large
amounts of power. Processing applications may be im-
plemented in programmable logic of a programmable log-
ic device (PLD), like a field programmable gate array (FP-
GA). Increasingly, it may be desired for PLDs to become
more efficient and consume less power. The present dis-
closure describes system and techniques related to dy-
namically adjusting a voltage level for a programmable
logic device (PLD), such as a field programmable gate
array (FPGA). The present disclosure is also related to
generating a scalable timing and/or power model for a
PLD and analyzing a system design or optimizing the
generation of a bitstream to configure the PLD using the
timing and/or power model. For example, the PLD may
utilize a voltage level different than one or more voltage
levels in predefined voltage libraries. In that case, if a
voltage from a predefined library was used for the PLD,
the suboptimal voltage level may cause the PLD to op-
erate inefficiently. Further, if the voltage level of the pre-
defined library is higher than needed by the PLD, excess
(e.g., wasted) power may be consumed by the PLD.
[0009] With the foregoing in mind, FIG. 1 is a block
diagram of a system 10 that may generate a timing and/or
power model for an integrated circuit (IC) 12, in accord-
ance with an embodiment of the present disclosure. A
designer of the integrated circuit 12 may desire to imple-
ment functionality, such as generating a timing and/or
power model operations of this disclosure, on the inte-
grated circuit 12 (such as a field-programmable gate ar-
ray (FPGA) or an application-specific integrated circuit
(ASIC)). In some cases, the designer may specify a high-
level program to be implemented, such as an OpenCL
program, which may enable the designer to more effi-
ciently and easily provide programming instructions to
configure a set of programmable logic cells for the inte-
grated circuit 12 without specific knowledge of low-level
hardware description languages (e.g., Verilog or VHDL).
For example, because OpenCL is quite similar to other
high-level programming languages, such as C++, de-
signers of programmable logic familiar with such pro-
gramming languages may have a reduced learning curve
than designers that are required to learn unfamiliar low-
level hardware description languages to implement new
functionalities in the integrated circuit 12.
[0010] The designers may implement their high-level
designs using design software 14, such as a version of
Intel® Quartus® by INTEL CORPORATION. The design
software 14 may use a compiler 16 to convert the high-
level program into a lower-level description. The compiler
16 may provide machine-readable instructions repre-
sentative of the high-level program to a host 18 and the
integrated circuit 12. The host 18 may be a computing
device (e.g., a host device). The host 18 may receive a
host program 22 which may be implemented by integrat-
ed circuit (IC) programs 20. In some embodiments, the
IC programs 20 may be kernel programs. To implement
the host program 22, the host 18 may communicate in-

structions from the host program 22 to the integrated cir-
cuit 12 via a communications link 24, which may be, for
example, direct memory access (DMA) communications
or peripheral component interconnect express (PCIe)
communications. In some embodiments, the integrated
circuit programs 20 and the host 18 may enable config-
uration of programmable logic 26 on the integrated circuit
12. The programmable logic 26 may include circuitry to
implement, for example, operations to perform matrix-
matrix or matrix-vector multiplication for AI or non-AI data
processing. The integrated circuit 12 may include many
(e.g., hundreds, thousands, millions of) logic cells that
define the programmable logic 26. Additionally, the pro-
grammable logic 26 may be communicatively coupled to
one another such that data outputted from one portion
of the programmable logic 26 may be provided to other
portions of the programmable logic 26.
[0011] In some embodiments, the designer may use
the design software 14 to generate and/or to specify a
low-level program, such as the low-level hardware de-
scription languages described above. Further, in some
embodiments, the system 10 may be implemented with-
out a separate host program 22. Moreover, in some em-
bodiments, the techniques described herein may be im-
plemented in circuitry as a non-programmable circuit de-
sign. Thus, embodiments described herein are intended
to be illustrative and not limiting.
[0012] Further, it should be understood that the inte-
grated circuit 12 may be any other suitable type of inte-
grated circuit device (e.g., an application-specific inte-
grated circuit and/or application-specific standard prod-
uct). As shown, the integrated circuit 12 may have in-
put/output circuitry for driving signals off device and for
receiving signals from other devices via input/output pins.
Interconnection resources, such as global and local ver-
tical and horizontal conductive lines and buses, may be
used to route signals on integrated circuit 12. Addition-
ally, interconnection resources may include fixed inter-
connects (conductive lines) and programmable intercon-
nects (e.g., programmable connections between respec-
tive fixed interconnects). Programmable logic 26 may in-
clude combinational and sequential logic circuitry. For
example, programmable logic 26 may include look-up
tables, registers, and multiplexers. The programmable
logic 26 may include combinational or sequential logic
circuitry arranged in logic array blocks (LABs) or config-
urable logic blocks (CLBs). In various embodiments, the
programmable logic 26 may be configured to perform a
custom logic function. The programmable interconnects
associated with interconnection resources may be con-
sidered to be a part of the programmable logic 26.
[0013] Programmable logic devices (PLDs), such as
integrated circuit 12, may contain programmable ele-
ments (e.g., logic cells, logic blocks) within the program-
mable logic 26. For example, as discussed above, a de-
signer (e.g., a customer) may program (e.g., configure)
the programmable logic 26 to perform one or more de-
sired functions. By way of example, some programmable
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logic devices may be programmed by configuring their
programmable elements using mask programming ar-
rangements, which is performed during semiconductor
manufacturing. Other programmable logic devices are
configured after semiconductor fabrication operations
have been completed, such as by using electrical pro-
gramming or laser programming to program their pro-
grammable elements. In general, programmable ele-
ments may be based on any suitable programmable tech-
nology, such as fuses, antifuses, electrically programma-
ble read-only-memory technology, random-access
memory cells, mask-programmed elements, and so
forth.
[0014] Many PLDs are electrically programmed. With
electrical programming arrangements, the programma-
ble elements may be formed from one or more memory
cells. For example, during programming, configuration
data is loaded into the memory cells using pins, input/out-
put circuitry, and the like. In one embodiment, the mem-
ory cells may be implemented as random-access-mem-
ory (RAM) cells. The use of memory cells based on RAM
technology is described herein is intended to be only one
example. Further, because these RAM cells are loaded
with configuration data during programming, they are
sometimes referred to as configuration RAM cells
(CRAM). These memory cells may each provide a cor-
responding static control output signal that controls the
state of an associated logic component in programmable
logic 26. CRAM cells may be located within the footprint
of the programmable logic 26 or outside the footprint in
a dedicated configuration memory. For instance, in some
embodiments, the output signals may be applied to the
gates of metal-oxide-semiconductor (MOS) transistors
within the programmable logic 26.
[0015] FIG. 2 is a block diagram of an integrated circuit
12 of the system 10 of FIG. 1, in accordance with an
embodiment of the present disclosure. More specifically,
FIG. 2 illustrates a block diagram of the programmable
logic 26 of the integrated circuit 12 of FIG. 1. The pro-
grammable logic 26 is be divided into a first sector 30A,
a second sector 30B, a third sector 30C, and a fourth
sector 30D. The sectors 30A, 30B, 30C, 30D of the pro-
grammable logic 26 may be separated from one another
by horizontally arranged level shifters 32 and vertically
arranged level shifters 32. The level shifters 32 may pro-
vide a voltage level lower than a maximum or default
voltage level of the programmable logic 26 to at least one
of the sectors 30A, 30B, 30C, 30D during operation. The
level shifters 32 may enable each sector 30A, 30B, 30C,
30D to establish an independent power domain within
the programmable logic 26. For example, the level shift-
ers 32 may enable the first sector 30A operating at a first
voltage to communicate with the second sector 30B that
may be operating at a second voltage higher than the
first voltage.
[0016] Additionally, each sector 30A, 30B, 30C, 30D
may be coupled to an independent voltage regulator 34
and a power supply 36. As shown, each sector 30A, 30B,

30C, 30D may be coupled to the same power supply 36.
In some embodiments, each sector 30A, 30B, 30C, 30D
may be coupled to an independent and separate power
supply 36. The power supply 36 may provide power con-
trol for each sector 30A, 30B, 30C, 30D. The level shifters
32 may be located on all the fabric wires between each
sector 30A, 30B, 30C, 30D, and may separate each of
the sectors 30A, 30B, 30C, 30D.
[0017] Each sector 30A, 30B, 30C, 30D may include
sector control circuitry that may receive control signals
from the programmable logic device software 14 (e.g.,
from the programmable logic device software, from a
host, or from an overall device controller such as a secure
device manager (SDM)). The programmable logic device
software may designate voltage levels of the multiple
voltage domains (e.g., libraries) corresponding to each
sector 30A, 30B, 30C, 30D of the programmable logic
26. Each sector 30A, 30B, 30C, 30D may receive the
designated voltage level, and utilize the voltage regulator
34 corresponding to the sector 30A, 30B, 30C, 30D to
regulate the voltage level of the sector 30A, 30B, 30C,
30D.
[0018] In some cases, the programmable logic fabric
software may assign voltage levels based on logic as-
signed to run on each of the sectors 30A, 30B, 30C, 30D.
For example, the programmable logic fabric software
may assign a higher voltage to the first sector 30A and
lower voltage to the second sector 30B. The program-
mable logic fabric software may direct critical logic (e.g.,
high-priority logic, critical paths) to the first sector 30A
that is assigned a higher voltage and assign non-critical
logic (e.g., low-priority logic, non-critical paths) to the sec-
ond sector 30B. In this manner, the programmable logic
fabric may utilize power per the sectors 30A, 30B, 30C,
30D as desired, rather than setting the entire program-
mable logic fabric to a high power and unnecessarily ex-
pending the power output of the programmable logic 26.
[0019] FIG. 3 is a diagram depicting programmable
logic sectors 30 of a field programmable gate array (FP-
GA) 40, in accordance with an embodiment of the present
disclosure. An integrated circuit may utilize one or more
programmable logic devices (e.g., programmable fab-
rics, FPGAs, etc.). In some embodiments, the FPGA 40
may include a transceiver that may include and/or use
input-output circuitry for driving signals off the FPGA 40
and for receiving signals from other devices. Intercon-
nection resources 44 may be used to route signals, such
as clock or data signals, through the FPGA 40.
[0020] The FPGA 40 is sectorized such that that pro-
grammable logic resources may be distributed through
a number of discrete programmable logic sectors 30.
Each programmable logic sector 30 may include a
number of programmable logic elements 48 having op-
erations defined by configuration memory 50 (e.g., con-
figuration random access memory (CRAM)).
[0021] The programmable logic elements 48 may in-
clude (e.g., implement) combinational or sequential logic
circuitry. For example, the programmable logic elements
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48 may include look-up tables, registers, multiplexers,
routing wires, and so forth. A designer may program the
programmable logic elements 48 to perform a variety of
desired functions. A power supply, such as the power
supply 36 discussed with respect to FIG. 2, may provide
a source of voltage (e.g., supply voltage) and/or current
to a power distribution network (PDN) 54 that distributes
electrical power to the various components of the FPGA
40. Operating the circuitry of the FPGA 40 may cause
power to be drawn from the power distribution network
54. It should be understood that any suitable number of
the power supplies 36 may be implemented or used.
[0022] There may be any suitable number of program-
mable logic sectors 30 on the FPGA 40. Indeed, while
twenty-nine programmable logic sectors 30 are shown
here, it should be appreciated that more or fewer may
appear in an actual implementation (e.g., in some cases,
on the order of 50, 100, 500, 1000, 5000, 10,000, 50,000,
or 100,000 sectors, or more). Each programmable logic
sector 30 may include a sector controller (SC) 58 (e.g.,
local sector manager (LSM)) that controls the operation
of the programmable logic sector 38. Each sector con-
troller 58 may be in communication with a device con-
troller (DC) 60 (e.g., secure device manager (SDM)).
[0023] Each sector controller 58 may accept com-
mands and data from the device controller 60 and may
read data from and write data into its configuration mem-
ory 50 based on control signals from the device controller
60. In addition to these operations, the sector controller
58 may be augmented with numerous additional capa-
bilities. For example, such capabilities may include local-
ly sequencing reads and writes to implement error de-
tection and correction on the configuration memory 50
and sequencing test control signals to effect various test
modes.
[0024] The sector controllers 58 and the device con-
troller 60 may be implemented as state machines and/or
processors. For example, each operation of the sector
controllers 218 or the device controller 60 may be imple-
mented as a separate routine in a memory containing a
control program. This control program memory may be
fixed in a read-only memory (ROM) or stored in a writable
memory, such as random-access memory (RAM).
[0025] The ROM may have a size larger than would
be used to store only one copy of each routine. This may
allow each routine to have multiple variants depending
on "modes" the local controller may be placed into. When
the control program memory is implemented as random
access memory (RAM), the RAM may be written with
new routines to implement new operations and function-
ality into the programmable logic sectors 30. This may
provide usable extensibility in an efficient and easily un-
derstood way. This may be useful because new com-
mands could bring about large amounts of local activity
within the sector at the expense of only a small amount
of communication between the device controller 60 and
the sector controllers 58.
[0026] Each sector controller 58 thus may communi-

cate with the device controller 60, which may coordinate
the operations of the sector controllers 58 and convey
commands initiated from outside the FPGA 40. To sup-
port this communication, the interconnection resources
44 may act as a network between the device controller
60 and each sector controller 58. The interconnection
resources may support a wide variety of signals between
the device controller 60 and each sector controller 58. In
one example, these signals may be transmitted as com-
munication packets.
[0027] The FPGA 40 may be electrically programmed.
With electrical programming arrangements, the program-
mable logic elements 48 may include one or more logic
elements (wires, gates, registers, etc.). For example, dur-
ing programming, configuration data is loaded into the
configuration memory 50 using pins and input/output cir-
cuitry. In one example, the configuration memory 50 may
be implemented as configuration random-access-mem-
ory (CRAM) cells. As discussed below, in some embod-
iments, the configuration data may be loaded into the
FPGA 40 using an update to microcode of the processor
in which the FPGA 40 is embedded.
[0028] The sector controller 58 of the programmable
logic sector 30 is shown to read and write to the config-
uration memory 50 by providing an ADDRESS signal to
an address register and providing a memory write signal
(WRITE), a memory read signal (RD DATA), and/or the
data to be written (WR DATA) to a data register. These
signals may be used to cause the data register to write
data to or read data from a line of configuration memory
50 that has been activated along an address line, as pro-
vided by the ADDRESS signal applied to the address
register. Memory read/write circuitry may be used to write
data into the activated configuration memory 50 cells
when the data register is writing data and may be used
to sense and read data from the activated configuration
memory 50 cells when the data register is reading data.
The sector controller 58 may receive instructions from a
program of the programmable logic fabric to control the
voltage of the sector. For example, the sector control may
receive instructions from the software program of the pro-
grammable logic fabric device to raise the voltage within
the sector and may send a signal to the device controller
60 and/or sector controller to raise the voltage within the
sector 30.
[0029] FIG. 4 is a block diagram of a system 80 for
generating a timing and/or power model for the integrated
circuit of FIGS. 1-3, in accordance with an embodiment
of the present disclosure. The system 80 may be imple-
mented by programmable logic design software, such as
the design software 14 discussed with respect to FIGS.
1-3 above. As shown, the system 80 includes a number
of voltage libraries 82. Each of the voltage libraries 82
may be a timing and/or power library that is used for a
discrete voltage level and/or discrete power, voltage, and
temperature (PVT) conditions that may be associated
with a particular integrated circuit. For example, as
shown, the voltage libraries 82 are associated with the
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voltage levels of 09. Volts, 0.8 volts, and 0.7 volts. It
should be understood that any number of voltage libraries
may be used. It should also be understood that the spe-
cific voltage levels of the voltage libraries 82 are merely
examples and that any number of voltages and any de-
nomination of a voltage level may be used (e.g., tenths,
hundredths, thousandths, etc.). In some embodiments,
the voltage libraries 82 may be similar to standard cell
technology libraries defining logic functions, timing arcs,
and other parameters for corresponding PVT conditions
of an integrated circuit.
[0030] A timing/power scaler 86 may be coupled to the
voltage libraries 82 and a voltage correction factor 84.
The timing/power scaler 86 may receive a voltage level
for a particular integrated circuit (e.g., a PLD) and deter-
mine a voltage level of the nearest voltage library 82. If
the voltage level of the integrated circuit matches a volt-
age level of a particular voltage library, that voltage library
may be used by a model generator 88 to generate a timing
and/or power model for the integrated circuit. If the volt-
age level of the integrated circuit does not match a volt-
age level of one of the voltage libraries 82, the tim-
ing/power scaler 86 may interpolate between voltage li-
braries 82. In some cases, the scaler 86 may interpolate
between the two closest voltage libraries 82 (one higher
voltage level and one lower voltage level) and/or apply
a voltage correction factor 84 to a closest voltage library
82 to generate a timing and/or power model for the inte-
grated circuit. It should be understood that the scaler 86
may interpolate between any number of voltage libraries
82 (e.g., more than two voltage libraries 82) to generate
the timing and/or power model. In some embodiments,
the designer of the integrated circuit may provide as an
input to the scaler 86 a desired frequency, voltage, and/or
power of the integrated circuit.
[0031] In operation, the system 80 may determine that
a voltage level of a particular integrated circuit is between
voltage levels of two of the voltage libraries 82. In that
case, the system 80 (e.g., the timing/power scaler 86)
may interpolate or scale one of the library voltage levels
82 to the voltage level of the integrated circuit. The volt-
age correction factor 84 may be provided to the system
80 based on the voltage of the integrated circuit. In some
cases, the voltage correction factor 84 may be based on
silicon PVT factors for a particular integrated circuit. The
timing/power scaler 86 may use the voltage correction
factor 84 in the interpolation to determine the optimal
voltage level for the integrated circuit.
[0032] The analysis engine 90 may include a timing
analyzer 92 and a power analyzer 94 that are generated
by the model generator 88. In some embodiments, the
timing analyzer 92 and the power analyzer 94 may be
part of a single analyzer. The timing analyzer 92 and the
power analyzer 94 may determine an amount of slack
for a particular workload of the integrated circuit. The
slack may be a timing slack, a power slack, or a combi-
nation thereof. The slack may indicate a difference be-
tween the actual frequency and/or power of the integrat-

ed circuit and a target frequency and/or power of the in-
tegrated circuit at a particular voltage (e.g., a particular
voltage library 82). If the slack is positive, the integrated
circuit may be able to operate at a lower input voltage
while maintaining the target frequency, power, and/or
timing constraints of the integrated circuit. In that case,
the analyzers 90, 92 may indicate to the scaler 86 that a
lower voltage may be used for the integrated circuit.
Then, the scaler 86 may interpolate between voltage li-
braries to determine an optimal voltage for the integrated
circuit to operate at a high(er) efficiency such that the
slack is near zero. Once the interpolation is completed,
the analyzers 90, 92 may again determine the slack of
the integrated circuit at the interpolated voltage level. In
some embodiments, the slack may be determined by the
scaler 86 and/or provided to the scaler 86 by the designer
of the integrated circuit. In some embodiments, the anal-
ysis engine 90 may provide the slack to the scaler 86 to
determine an updated interpolated voltage level for the
integrated circuit, as discussed herein.
[0033] In operation, the timing/power scaler 86 may
use any suitable interpolation technique such as linear
interpolation, non-linear interpolation, polynomial inter-
polation (e.g., quadratic interpolation), etc. The interpo-
lation technique may depend on the voltage libraries clos-
est to the voltage level of the integrated circuit. For ex-
ample, a first interpolation technique may be used if the
closest voltage libraries are 0.7 volts and 0.8 volts, and
a second interpolation technique may be used if the clos-
est voltage libraries are 0.8 volts and 0.9 volts. In some
cases, the interpolation technique may depend on a
spread (e.g., difference) between the closest voltage li-
braries to the voltage of the integrated circuit. For exam-
ple, if the spread between the closest voltage libraries is
relatively small, linear interpolation may be used. If the
spread between the closest voltage libraries is relatively
large, quadratic interpolation may be used. In some cas-
es, interpolated libraries for various target voltages for
integrated circuits may be compiled during a manufac-
turing or design phase of the system 80 and stored for
later use by the integrated circuit.
[0034] FIG. 5 is a block diagram illustrating example
connections of the analysis engine 90 of the system 80
of FIG. 4, according to an embodiment of the present
disclosure. As shown, the analysis engine 90 may re-
ceive a design for the integrated circuit 102. The design
102 may include the timing and/or power model gener-
ated by the model generator 88. The design 102 may
also include various desired parameters for the integrat-
ed circuit including a voltage, a frequency, a temperature,
a power, etc. At least a portion of the design 102 may be
provided by the designer of the integrated circuit. As dis-
cussed above, the analysis engine 90 may determine an
amount of slack of the integrated circuit design 102 for
operation on the integrated circuit.
[0035] The analysis engine 90 may provide results of
the analysis to the scaler 86. That is, the scaler 86 may
use the analysis results in determining the updated in-
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terpolated voltage for the integrated circuit. Once the
slack is near zero, the analysis engine 90 may provide a
current interpolated voltage (e.g., the updated interpolat-
ed voltage) to a compiler 104. The compiler 104 generate
a bitstream 106 used to program the integrated circuit
based on the interpolated voltage that produces the near
zero slack.
[0036] FIG. 6 is a flow chart of a process 150 to gen-
erate a timing and/or power model for the integrated cir-
cuit (IC) of FIGS. 1-3 and program the integrated circuit
using the timing and/or power model, in accordance with
an embodiment of the present disclosure. The operations
of FIG. 6 may be executed by the systems 80 and 100
discussed with respect to FIGS. 4 and 5, respectively,
and more particularly may be performed by, for example,
the design software 14 of FIG. 1.
[0037] At operation 152, the system 80 may determine
a voltage level (e.g., an optimal voltage) of an integrated
circuit. For example, an integrated circuit (e.g., a field
programmable gate array (FPGA)) to be programmed
may be analyzed to determine a voltage at which the
FPGA operates. This voltage may be determined at a
time of manufacture of the FPGA or may be determined
at a time of programming the FPGA. At operation 154,
the system 80 may identify a voltage level for a number
of voltage libraries. As discussed above, the voltage li-
braries may be predefined and stored in memory, such
as a configuration memory. In some cases, the configu-
ration memory may be associated with the programma-
ble logic of a programmable logic device. The voltage
libraries may correspond to a particular voltage level
(e.g., 0.7 volts, 0.8 volts, 0.9 volts) and may define dis-
crete power, voltage, and temperature (PVT) conditions
for the associated voltage level.
[0038] At operation 156, the system 80 may compare
the voltage level of the integrated circuit and the voltage
levels of the voltage libraries. At operation 158, the sys-
tem 80 may determine if the voltage level of the integrated
circuit matches one of the voltage levels of the voltage
libraries. If the voltage of the integrated circuit matches
one of the voltage levels of the voltage libraries, the model
generator 88 may use that voltage library to generate a
timing and/or power model for the integrated circuit at
operations 162 and 166. If the voltage of the integrated
circuit does not match one of the voltage levels of the
voltage libraries, the system 80 may identify a first voltage
library 82 with a voltage level closest to and greater than
the voltage level of the integrated circuit and a second
voltage library 82 with a voltage level closest to and less
than the voltage level of the integrated circuit, at operation
160.
[0039] At operation 164, the system 80 may interpolate
between the voltage of the first library and the voltage
level of the second library using the voltage level of the
integrated circuit and the correction factor. As discussed
above, the interpolation technique used in operation 164
may depend on the voltage libraries closest to the voltage
level of the integrated circuit and/or a spread between

the closest voltage libraries.
[0040] At operation 166, the system 80 may generate
a timing and/or power model for the interpolated voltage
level of the integrated circuit. The power model may in-
clude power, voltage, temperature (PVT) conditions for
the integrated circuit according to the interpolated volt-
age. For example, the analysis engine 90 may determine
an amount of slack for a particular workload of the inte-
grated circuit. If the slack is positive or negative (e.g.,
non-zero), the analysis engine 90 may provide an indi-
cation of the amount of slack to the scaler 86 to adjust
the interpolated voltage. In that case, the model gener-
ator 88 may generate an updated timing and/or power
model for the integrated circuit using the updated inter-
polated voltage. In some cases, the model generator 88
may determine the amount of slack for the integrated
circuit. The model generator 88 and/or the analysis en-
gine 90 may optimize the timing and/or power model of
the integrated circuit by performing iterations of opera-
tions 158-166 using a different interpolated voltage
based on an updated voltage level of the integrated circuit
and/or an updated voltage correction factor. That is, the
interpolated voltage used to generate a timing and/or
power model of the integrated circuit may change for
each iteration of the operations 158-166 until the slack
is near zero. Once the interpolated voltage results in near
zero slack, the analysis engine 90 may analyze (and op-
timize) the integrated circuit using the timing power model
which is based at least in part on the interpolated voltage
and the corresponding power, voltage, temperature
(PVT) conditions at operation 168.
[0041] Advantageously, embodiments discussed
herein provide techniques to determine an optimal oper-
ating voltage (and corresponding conditions/parame-
ters) for an integrated circuit (e.g., a programmable logic
device such as a field programmable gate array). Further,
embodiments presented herein provide techniques for
generating, analyzing, and optimizing the timing and/or
power model for the integrated circuit using the deter-
mined voltage to improve an efficiency and reduce an
overall power consumption of the integrated circuit.
[0042] While the embodiments set forth in the present
disclosure may be susceptible to various modifications
and alternative forms, specific embodiments have been
shown by way of example in the drawings and have been
described in detail herein. However, it should be under-
stood that the disclosure is not intended to be limited to
the particular forms disclosed. The disclosure is to cover
all modifications, equivalents, and alternatives falling
within the spirit and scope of the disclosure as defined
by the following appended claims.
[0043] The techniques presented and claimed herein
are referenced and applied to material objects and con-
crete examples of a practical nature that demonstrably
improve the present technical field and, as such, are not
abstract, intangible, or purely theoretical. Further, if any
claims appended to the end of this specification contain
one or more elements designated as "means for [per-
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forming [a function]..." or "step for [perform]ing [a func-
tion]...", it is intended that such elements are to be inter-
preted under 35 U.S.C. 112(f). However, for any claims
containing elements designated in any other manner, it
is intended that such elements are not to be interpreted
under 35 U.S.C. 112(f).

EXAMPLE EMBODIMENTS

[0044] EXAMPLE EMBODIMENT 1. A system com-
prising: a programmable logic device configurable to ex-
ecute a number of operations; a number of voltage librar-
ies defining predetermined voltage levels for analysis of
the programmable logic device; a scaler configured to:
determine an operating voltage of the programmable log-
ic device; receive a voltage correction factor based at
least in part on the operating voltage of the programmable
logic device; and determine an interpolated voltage for
the programmable logic device based on the operating
voltage of the programmable logic device, the voltage
correction factor, and at least one of the predetermined
voltage levels; and an analysis engine configured to de-
termine an amount of slack for a particular workload of
the programmable logic device at the interpolated volt-
age.
[0045] EXAMPLE EMBODIMENT 2. The system of ex-
ample embodiment 1, wherein the scaler is configured
to determine an updated voltage level for the program-
mable logic device based on the amount of slack at the
interpolated voltage and wherein the slack is associated
with a timing slack or a power slack of the programmable
logic device at the interpolated voltage.
[0046] EXAMPLE EMBODIMENT 3. The system of ex-
ample embodiment 1, wherein the programmable logic
device comprises a field-programmable gate array (FP-
GA).
[0047] EXAMPLE EMBODIMENT 4. The system of ex-
ample embodiment 1, wherein the number of voltage li-
braries comprise power, voltage, and temperature con-
ditions for the programmable logic device.
[0048] EXAMPLE EMBODIMENT 5. The system of ex-
ample embodiment 1, wherein the analysis engine com-
prises a timing analyzer and a power analyzer.
[0049] EXAMPLE EMBODIMENT 6. The system of ex-
ample embodiment 5, wherein the timing analyzer and
the power analyzer are configured to determine the
amount of slack for a particular workload of the program-
mable logic device at the operating voltage of the pro-
grammable logic device.
[0050] EXAMPLE EMBODIMENT 7. The system of ex-
ample embodiment 1, wherein the scaler is configured
to determine an updated voltage level for the program-
mable logic device based on the amount of slack at the
operating voltage of the programmable logic device.
[0051] EXAMPLE EMBODIMENT 8. The system of ex-
ample embodiment 7, wherein the model generator is
configured to generate a voltage library for the interpo-
lated voltage.

[0052] EXAMPLE EMBODIMENT 9. The system of ex-
ample embodiment 7, wherein the updated voltage level
is determined by interpolating between two of the prede-
termined voltage levels for corresponding voltage librar-
ies of the number of voltage libraries.
[0053] EXAMPLE EMBODIMENT 10. A method com-
prising: determining a voltage level of a programmable
logic device; identifying a plurality of voltage libraries
each defining a predetermined voltage level for analysis
of the programmable logic device; comparing the voltage
level of a programmable logic device to the predeter-
mined voltage levels of the plurality of voltage libraries;
identifying a first voltage level of the predetermined volt-
age levels and a second voltage level of the predeter-
mined voltage levels, the first voltage level closest to and
greater than the voltage level of the programmable logic
device, the second voltage level closest to and less than
the voltage level of the programmable logic device; gen-
erating an interpolated voltage level for the programma-
ble logic device based at least in part on the first voltage
level and the second voltage level; and generating a tim-
ing and power model for the programmable logic device
based on the interpolated voltage level.
[0054] EXAMPLE EMBODIMENT 11. The method of
example embodiment 10, comprising: analyzing the tim-
ing and power model for the programmable logic device
based at least in part on the timing and power model;
and determining an amount of slack for at least one of a
timing and power of the programmable logic device at
the interpolated voltage level.
[0055] EXAMPLE EMBODIMENT 12. The method of
example embodiment 10, comprising analyzing the pro-
grammable logic device at the interpolated voltage level
using the timing and power model.
[0056] EXAMPLE EMBODIMENT 13. The method of
example embodiment 10, comprising obtaining a voltage
correction factor, wherein the interpolated voltage level
is based at least in part on the voltage correction factor.
[0057] EXAMPLE EMBODIMENT 14. The method of
example embodiment 10, wherein the interpolated volt-
age level is determined by interpolating between the first
voltage level and the second voltage level.
[0058] EXAMPLE EMBODIMENT 15. The method of
example embodiment 10, comprising: determining the
voltage level of a programmable logic device matches a
predetermined voltage level of a first voltage library of
the plurality of voltage libraries; generating a timing and
power model for the programmable logic device based
on the first voltage library; and analyzing the program-
mable logic device at the first voltage level using the tim-
ing and power model based on the first voltage library.
[0059] EXAMPLE EMBODIMENT 16. A device com-
prising: configuration memory configured to store a plu-
rality of voltage libraries defining predetermined voltage
levels; a programmable logic configured to perform a first
operation based on at least one predetermined voltage
level of the voltage libraries; and control circuitry config-
ured to: instruct the programmable logic to perform the
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first operation; and while the programmable logic per-
forms the first operation: receive a first power value; de-
termine a slack associated with the at least one prede-
termined voltage level; generate an updated voltage val-
ue for the programmable logic based at least in part on
the slack; and upon determining that the slack is near
zero, generating a timing and/or power model for the pro-
grammable logic at the updated voltage level.
[0060] EXAMPLE EMBODIMENT 17. The device of
example embodiment 16, wherein the updated voltage
level is determined by interpolating between two voltage
libraries of the plurality of voltage libraries.
[0061] EXAMPLE EMBODIMENT 18. The device of
example embodiment 17, wherein the slack indicates a
difference between a frequency and/or power of the in-
tegrated circuit at the at least one predetermined voltage
level and a target frequency and/or power of the integrat-
ed circuit.
[0062] EXAMPLE EMBODIMENT 19. The device of
example embodiment 17, the control circuitry configured
to analyze the programmable logic based on the timing
and/or power model using the interpolated voltage.
[0063] EXAMPLE EMBODIMENT 20. The device of
example embodiment 17, the control circuitry configured
to generate a voltage library based at least in part on the
updated voltage level.

Claims

1. A system comprising:

a programmable logic device configurable to ex-
ecute a number of operations;
a number of voltage libraries defining predeter-
mined voltage levels for analysis of the program-
mable logic device;
a scaler configured to:

determine an operating voltage of the pro-
grammable logic device;
receive a voltage correction factor based at
least in part on the operating voltage of the
programmable logic device; and
determine an interpolated voltage for the
programmable logic device based on the
operating voltage of the programmable log-
ic device, the voltage correction factor, and
at least one of the predetermined voltage
levels; and

an analysis engine configured to determine an
amount of slack for a particular workload of the
programmable logic device at the interpolated
voltage.

2. The system of claim 1,
wherein the scaler is configured to determine an up-

dated voltage level for the programmable logic de-
vice based on the amount of slack at the interpolated
voltage and wherein the slack is associated with a
timing slack or a power slack of the programmable
logic device at the interpolated voltage.

3. The system of any one of claims 1 or 2,
wherein the programmable logic device comprises
a field-programmable gate array (FPGA).

4. The system of any one of claims 1 to 3,
wherein the number of voltage libraries comprise
power, voltage, and temperature conditions for the
programmable logic device.

5. The system of any one of claims 1 to 4,
wherein the analysis engine comprises a timing an-
alyzer and a power analyzer.

6. The system of claim 5,
wherein the timing analyzer and the power analyzer
are configured to determine the amount of slack for
a particular workload of the programmable logic de-
vice at the operating voltage of the programmable
logic device.

7. The system of any one of claims 1 to 6,
wherein the scaler is configured to determine an up-
dated voltage level for the programmable logic de-
vice based on the amount of slack at the operating
voltage of the programmable logic device.

8. The system of claim 7,
wherein the model generator is configured to gener-
ate a voltage library for the interpolated voltage.

9. The system of any one of claims 7 or 8,
wherein the updated voltage level is determined by
interpolating between two of the predetermined volt-
age levels for corresponding voltage libraries of the
number of voltage libraries.

10. A method comprising:

determining a voltage level of a programmable
logic device;
identifying a plurality of voltage libraries each
defining a predetermined voltage level for anal-
ysis of the programmable logic device;
comparing the voltage level of a programmable
logic device to the predetermined voltage levels
of the plurality of voltage libraries;
identifying a first voltage level of the predeter-
mined voltage levels and a second voltage level
of the predetermined voltage levels, the first volt-
age level closest to and greater than the voltage
level of the programmable logic device, the sec-
ond voltage level closest to and less than the
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voltage level of the programmable logic device;
generating an interpolated voltage level for the
programmable logic device based at least in part
on the first voltage level and the second voltage
level; and
generating a timing and power model for the pro-
grammable logic device based on the interpo-
lated voltage level.

11. The method of claim 10, further comprising:

analyzing the timing and power model for the
programmable logic device based at least in part
on the timing and power model; and
determining an amount of slack for at least one
of a timing and power of the programmable logic
device at the interpolated voltage level.

12. The method of any one of claims 10 or 11,
further comprising analyzing the programmable logic
device at the interpolated voltage level using the tim-
ing and power model.

13. The method of any one of claims 10 to 12,
further comprising obtaining a voltage correction fac-
tor, wherein the interpolated voltage level is based
at least in part on the voltage correction factor.

14. The method of any one of claims 10 to 13,
wherein the interpolated voltage level is determined
by interpolating between the first voltage level and
the second voltage level.

15. The method of any one of claims 10 to 14, further
comprising:

determining the voltage level of a programmable
logic device matches a predetermined voltage
level of a first voltage library of the plurality of
voltage libraries;
generating a timing and power model for the pro-
grammable logic device based on the first volt-
age library; and
analyzing the programmable logic device at the
first voltage level using the timing and power
model based on the first voltage library.
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