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(57) ABSTRACT

A system and method for regulating power consumption
within an integrated circuit (IC) with a modular design. The
IC is designed so that any one distinct functional module
within the IC utilizes only transistors with a substantially
same or similar critical voltage level, which may for example
be the threshold voltage of the transistors. Consequently, the
supply voltage delivered to each functional modules can be
lowered to the minimum voltage necessary to enable the
transistors within the module to operate. Similarly, modules
within the IC may be designed with transistors which share a
common value for a substrate bias voltage or a clock speed, or
with a combination of common values for several electrical
factors. In this way, it is possible to reduce power consump-
tion by fine-tuning the voltages supplied to (or clock speeds
driving) specific modules, in a way which is custom-tuned to
each module.
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INTEGRATED CIRCUIT WITH MODULAR
DYNAMIC POWER OPTIMIZATION
ARCHITECTURE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention pertains to the field of power
management in a semiconductor environment. More particu-
larly, the invention pertains to a system and method for adap-
tive scaling of voltages, clock speeds, and other electrical
factors within an integrated circuit in order to dynamically
minimize power consumption while maintaining optimum
performance.

[0003] 2. Background Art

[0004] For virtually all electronics applications, it is desir-
able to minimize power consumption. In terms of system
design and performance, reduced power consumption results
in less heat being generated. This increases system life,
reduces requirements for cooling systems. A reduction in
power supply requirements also enables smaller, more com-
pact design. Further, any reduction in the power consumed by
a circuit component, such as an integrated circuit (IC) or a
module within an IC, will improve the performance and reli-
ability of prior circuit stages which feed into the IC or IC
module. Further, for portable devices such as laptop comput-
ers, media players, and cell phones, reduced power consump-
tion contributes to longer battery life and also enables addi-
tional functionality for a given power supply. From a societal
standpoint, even incremental reductions in power consump-
tion contribute to conservation of energy resources.

[0005] There are a number of conventional strategies for
reducing power consumption within integrated circuits. One
strategy is to identify a module(s) within an IC which has not
drawn power for some determined period of time, or which is
not anticipated to draw power for some future period of time
(or both), and to either reduce or shut oft the power supply to
the module. Ifthe module is fed by a single power supply, then
this strategy may only be viable if no components or submod-
ules within the module are expected to require power during
this period of time. If any submodule or component within the
module is expected to require power, it may be necessary to
maintain a supply of power to the entire module. (In some
cases, the “module” may constitute the entire IC as a whole.)
[0006] Another conventional power reduction strategy is to
reduce the power supplied to the IC or to a module within the
IC. In virtually all cases, this will result in some kind of
reduction in system performance, for example lower clock
speeds for digital chips or reduced range for a radio frequency
(RF) chip. Depending on the application for which the IC is
being used, or depending on the particular function of a
module within an IC, in some cases the reduction in system
performance will have no noticeable impact from a user per-
spective. For example, a user using a portable computer for
word processing may not notice a reduction in the clock speed
of the system microprocessor. Clearly, however, for some
applications—such as popular video applications or voice-to-
text translation, to name just two of many examples—it is
desirable to maintain maximum performance from an IC, for
example, to maintain maximum clock speed from a micro-
processor or a Digital Signal Processor (DSP) chip. For these
applications, any attempts at power savings through reduced
supply voltages may have a notable impact, and sometimes an
unacceptable impact, on system performance in relation to
the requirements of the user application.
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[0007] What is needed, then, is a system and method for
providing on-chip power management for an integrated cir-
cuit, where the system and method minimize any negative
impact on system performance, and where the system and
method take better advantage of the variable levels of voltages
or clock speeds which may be required by transistors and
other elements within the IC package.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention meets the above-identified
needs by providing a system and method for regulating power
consumption within an integrated circuit (IC). In one exem-
plary embodiment, CMOS transistors are employed, where
the CMOS transistors have two or more different threshold
voltages, for example, a first threshold voltage and a second
threshold voltage. The IC is designed so that any one or more
distinct functional modules within the IC utilize only CMOS
transistors with a single threshold voltage (for example, only
a low threshold voltage or only a high threshold voltage).
Consequently, the supply voltage delivered to the distinct
functional modules can be lowered to the minimum voltage
necessary to enable the transistors within those module to
operate.

[0009] Similarly, modules within the IC may be designed
with transistors which share a common source for a substrate
bias voltage or a clock speed, or with a combination of com-
mon values for several electrical factors (supply voltage, sub-
strate bias voltage, clock speed, etc.). In this way, it is possible
to reduce power consumption by fine-tuning the voltages
supplied to (or clock speeds driving) specific modules in a
way which is custom-tuned to each module.

BRIEF DESCRIPTION OF THE
DRAWINGS/FIGURES

[0010] The features and advantages of the present invention
will become more apparent from the detailed description set
forth below when taken in conjunction with the drawings in
which like reference numbers indicate identical or function-
ally similar elements. The left-most digit of a reference num-
ber identifies the drawing in which the reference number first
appears (for example, an element labeled 310 typically first
appears in the drawing labeled FIG. 3).

[0011] Additionally, some elements are identified by a
number followed by a period, which is then followed by a
second number (for example, 215.1,215.2,215.3,...,215.n).
In these cases, the number to the left of the period (for
example, “215”) identifies a generic class or generic version
of'an element, while the number to the right of the period (for
example, “17, “2”, “3”, . .., “n”) may identify a specific
instance of the element, where the specific instance may have
a further distinguishing feature or characteristic in addition to
the generic qualities.

[0012] FIG.1isablock diagram of an exemplary integrated
circuit (IC).
[0013] FIG. 2 is a block diagram of an exemplary IC

according to the present system and method.

[0014] FIG. 3 is a block diagram of an exemplary func-
tional cluster within an IC according to the present system and
method.

[0015] FIG. 4 is a block diagram of an exemplary func-
tional cluster within an IC according to the present system and
method.
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[0016] FIG. 5 is a block diagram of an exemplary func-
tional cluster within an IC according to the present system and
method.

[0017] FIG. 6 is a block diagram of an exemplary IC
according to the present system and method.

[0018] FIG. 7 is a block diagram of an exemplary IC
according to the present system and method.

[0019] FIG. 8 is a block diagram of an exemplary IC
according to the present system and method.

[0020] FIG. 9 is a flowchart of an exemplary method for
designing an IC according to the present system and method.
[0021] FIG. 10 is a flowchart of an exemplary method for
allocating power on an IC according to the present system and
method.

DETAILED DESCRIPTION OF THE INVENTION

[0022] 1. Introduction

[0023] 2. Definitions

[0024] 3. Exemplary Integrated Circuit (Conventional)
[0025] 4. Overview of the Present System and Method
[0026] 5. Exemplary Integrated Circuit (IC) According to

the Present System and Method

[0027] 6. Another Exemplary IC

[0028] 7. Another Exemplary IC

[0029] 8. Another Exemplary IC

[0030] 9. An Exemplary Method for Designing an IC
[0031] 10. Exemplary Method for Real Time Dynamic

Power Minimization for an IC
[0032] 11. Alternative Embodiments
[0033] 12. Conclusion

1. Introduction

[0034] The present invention is directed to systems and
methods for using a modular organization of electrical com-
ponents within an integrated circuit (IC) to minimize IC
power consumption while maintaining substantially optimal
performance by the IC.

[0035] Some systems or methods may be defined or char-
acterized here in whole or in part by exemplary instances of
such systems or methods (for example, by an IC with a
particular organization of modules and submodules, or a par-
ticular organization or type of electrical components such as
transistors, or by a method with a particular set of steps). It
should be understood, however, that such systems or methods
may encompass other specific instances or embodiments not
specifically described herein.

2. Definitions

[0036] Functional unit—An integrated circuit (IC) may
perform just a single function, for example by serving as a
flip-flop or an adder. Typically, however, an IC employing
large scale integration (LSI) or very large scale integrated
(VLSI) may perform multiple functions on a single chip. A
module comprising a group of components (for example,
transistors, resistors, capacitors, diodes, and/or inductors) on
an [C which perform a defined function may be regarded as a
“functional unit”. A functional unit may typically, though not
necessarily, have a specific set of inputs and outputs, and a
well-defined interface (an electrical interface, a logical inter-
face, and/or other interfaces) with other functional units of the
1C, or with external components, or both.

[0037] There may be repeated instances of a single function
(for example, multiple flip-flops or adders on a single chip), or
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there may be two or more different types of functional units
which together provide the IC with its overall functionality.
For example, a microprocessor may have such functional
units as an arithmetic/logic unit(s) (ALU), a floating point
unit(s) (FPU), a load/store unit(s), a branch prediction unit(s),
a memory controller(s), and other such modules. Each of
these modules within the IC may be regarded as a distinct
functional unit, and some such units may be further subdi-
vided into component functional units. At a higher level, a
microprocessor as a whole may be viewed as a functional unit
of'an IC, for example if the microprocessor shares the IC die
with at least one other functional unit, for example, a cache
memory unit.

[0038] Some other possible functional units may include,
for example and without limitation, a general purpose pro-
cessor, a mathematical processor, a state machine, a digital
signal processor, a video processor, an audio processor, a
logic unit, a logic element, a multiplexer, a demultiplexer, a
switching unit, a switching element, an input/output (I/O)
element, a peripheral controller, a bus, a bus control, a regis-
ter, a combinatorial logic element, a storage unit, a program-
mable logic device, a memory unit, a neural network, a sens-
ing circuit, a control circuit, a digital to analog converter, an
analog to digital converter, an oscillator, a memory, a filter, an
amplifier, a mixer, a modulator, or a demodulator.

[0039] Persons skilled in the relevant arts will recognize
that there are many other well-known types of functional
units which may be employed as part of electronic modules
implemented in an IC, and the list provided above is only a
representative sampling of such functional units. Any such
functional units, and possibly others yet to be developed, may
conceivably serve as elements of the present system and
method, and benefit from the power management techniques
of the present system and method, as described below.
[0040] A functional unit may occupy a specific, localized
area of an IC die, with a well defined geometric boundary on
the die. However, a functional unit may also be distributed
over the die, with two or more localized, coupled sets of
components which together provide the functionality of the
functional unit.

[0041] Functional cluster—A functional cluster as defined
in this document is similar to a functional unit.

[0042] Specifically, a “functional cluster” is a module or
group of components (for example, transistors, resistors,
capacitors, diodes, and/or inductors) on an IC which perform
a defined function. Those functions may possibly include but
are not limited to those functions enumerated immediately
above in conjunction with the definition of “functional unit”.
However, a “functional cluster” is specifically farther defined
by including some class of components (for example, a class
of transistors) that have at least one similar electrical charac-
teristic and behave similarly in response to such electrical
factors as supply voltage, current, clock speed, or substrate
bias voltage.

[0043] For example, in a functional cluster, all the transis-
tors may have a same or substantially similar threshold volt-
age. Or, for another example, in a functional cluster, all the
transistors may have a same or substantially similar input
impedance, or a same or substantially similar maximum clock
speed or minimum clock speed corresponding to supply volt-
ages. The elements which have the same or substantially the
same electrical response to an electrical input factor may be
referred to as an “electrical property class”. This term is
discussed further below.
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[0044] A functional cluster is defined both by its function-
ality and by the common or similar attribute of a designated
class of its electrical components, such as its transistors. As
mentioned in the previous paragraph, these attributes are
generally characterized by the response of these components
to specific inputs such as supply voltage and clock frequency.
A functional cluster may exclude components which do not
share the same or the substantially similar defining electrical
behavior. In other words, a functional cluster may be com-
prised of components of a first functional class, while exclud-
ing components of a second functional class.

[0045] For example, if a functional cluster is designed with
transistors with a high “switching threshold” (threshold) volt-
age, the functional cluster may not include any transistors
with a standard threshold voltage or low threshold voltage.
Similarly, if a functional cluster is designed with transistors
with a low threshold voltage, the functional cluster must not
include any transistors with a standard threshold voltage or a
high threshold voltage.

[0046] However, in some cases, a functional cluster may
include components from two or more functional classes. In
this event, however, the voltage requirements of the cluster,
the power requirements of the cluster, the clock speed
requirements of the cluster, or other power-related require-
ments of the cluster may still be determined wholly or prima-
rily by the components of a single functional class of com-
ponents within the cluster.

[0047] As discussed in further detail below, reduced power
consumption may be achieved in an IC by deliberately
designing at least some of the functional units to be functional
clusters as well.

[0048] Module—The term “module” may be used generi-
cally to refer to functional units and functional clusters of an
IC.

[0049] Power island—A functional unit, a functional clus-
ter, or a group of several functional units or functional clusters
sharing a common, local power source within the IC, and
possibly sharing a common, local power supply control ele-
ment as well, may be referred to as a “power island”. Either a
functional unit or a functional cluster may be a power island.
[0050] Critical voltage level—Behaviors of certain electri-
cal components, such as transistors, diodes, and possibly
other components, may be modified by applying specific
voltages. For example, a threshold voltage determines the
on-state or off-state of a Field Effect Transistor (FET), and
typically the applied voltage must exceed a particular, critical
threshold voltage level to switch the transistor on. Similarly,
abias voltage may be applied to the substrate of a Metal Oxide
Semiconductor FET (MOSFET) in order to modify the leak-
age current. Other voltage parameters and levels may influ-
ence other aspects of transistor behavior.

[0051] Moreover, and depending on the context, the term
“critical voltage level” may further refer to a particular
numeric level, value, or range of values of an applied voltage
which may be a threshold value or critical value for some
activity of the electrical component. One example of a critical
voltage level, then, is a particular level of voltage which may
be applied to the gate of a MOSFET, and which is the thresh-
old voltage for the MOSFET.

[0052] Theterm “critical level”, as used in this document, is
a term which may be applied to any such parameter which is
an operating parameter that influences the behavior of a com-
ponent in general, and which in some contexts influences the
behavior of transistors or diodes in particular. The “critical
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value or range” of a parameter is required to be met in order
to ensure that the behavior of the components of a functional
unit or cluster meets or exceeds an acceptable, predefined
performance level.

[0053] The term critical level (or related terms, such as
“critical voltage level”) may also be used with reference to a
functional unit or functional cluster, with substantially the
same meaning as for a component. For example, “critical
voltage level” may refer to any voltage parameter which is an
operating parameter that influences the behavior of the func-
tional unit or cluster, and that is required to be met in order to
ensure that the behavior of the functional unit or cluster meets
or exceeds an acceptable, predefined performance level.
[0054] Regulated voltage—A “regulated voltage”, as the
term is used in this document, is a voltage supplied to a
component, or to a functional module or functional cluster, by
a power supply element such as a voltage regulation element
of'an IC. The operational state of a functional module may be
determined at least in part by the value of the regulated
voltage in relation to a critical voltage level of the module. A
regulated voltage is also referred to as a “supply voltage” or
“regulated supply voltage” in this document.

[0055] Component class—A “component class™ is a type of
electrical component.

[0056] For example, transistors may be considered one
component class, and diodes may be considered a second,
different component class. In some cases, a class may be more
specific. For example, bipolar junction transistors (BJTs)
may be considered one component class, and FETs may be
considered a second, different component class.

[0057] Electrical property class—An electrical property
class distinguishes electronic components which are opera-
tionally similar (typically belonging to the same component
class), but which have different electrical characteristic with
respect to a regulated voltage such as a supply voltage or
substrate bias voltage. Or, the components may have difterent
characteristics with respect to some other operating param-
eter, functional parameter, or structural parameter, such as for
example a maximum clock frequency or a transistor gate
length. For example, among MOSFETs, a first electrical
property class may be MOSFETs with a low threshold volt-
age (LVt), a second electrical property class may be MOS-
FETs with a standard threshold voltage (SVt), and a third
electrical property class may be MOSFETs with a high
threshold voltage (HVt). Or, for example, a first electrical
property class may be transistors (MOSFETs, BITs, or other
types of transistors) which, by their structural design, can be
switched on and off with a high frequency (where the defini-
tion of “high frequency” may depend on an application con-
text); and where a second, different electrical property class
may be transistors which, by structural design, are limited to
being switched on and off at a lower frequency (where, again,
the definition of a “low frequency” may depend on an appli-
cation context).

[0058] An electrical property class will typically be asso-
ciated with a component class of solid state technologies, and
a given component class may typically have several electrical
property classes or a range of electrical property classes. For
example, metal oxide semiconductor field effect transistors
(MOSFETs) may be considered a component class of solid
state devices, which may be comprised of several electrical
property classes. For another example, junction field effect
transistors (JFETs) may be considered another component
class of solid state devices, which may be comprised of sev-



US 2010/0005328 Al

eral electrical property classes. For another example, bipolar
junction transistors (BJTs) may be considered another com-
ponent class of solid state devices, which may be comprised
of several electrical property classes.

[0059] In some contexts, the term “electrical property
class” may refer to other structural aspects, functional
aspects, physical aspects or design aspects of components or
groups of components. The term “electrical property class”
may also be used, in some contexts, to refer to the structural,
functional, or design aspects of circuits, in addition to or in the
alternative to, the structural, functional or design aspects of
individual components. For example, the elements in a func-
tional cluster may be implemented as “custom devices or
circuits”, where the sizes of these circuits have been custom-
ized/modified to suit their operating environment or scope.
The circuits sharing a particular customized size (for
example, logic gates of a particular size) would belong to a
designated “electrical property class™ defined by size (for
example, a small, medium, or large circuit class). Another
example would be circuit elements sharing a designated
physical layout. For example, circuits sharing a tiled arrange-
ment (to improve their area utilization or performance) may
be designated as belonging to a “tiled electrical property
class”.

[0060] Another example ofan electrical property class may
be circuits comprised of dynamic logic elements. Yet another
example of an electrical property class might be a circuit
specifically comprised of a specific component class, such as
inductors, or capacitors, or resistors, or diodes, or a limited
subset of such components. This would especially be the case
if a circuit designed for a given purpose would conventionally
include components from multiple component classes, but,
for purposes of the present system and method, is custom-
designed to include components from a more limited subset
of component classes.

[0061] The properties referred to herein that define an
“electrical property class” include properties that may not be
prima facie electrical characteristics, but that ultimately influ-
ence electrical characteristics. For example, a tiled compo-
nent layout, or other specific type of component layout for a
module, may be implemented first and foremost with a view
to effective or efficient use of limited space on a die or chip.

[0062] However, it is to the extent that such characteristics
influence electrical properties that they fall within the scope
of'an “electrical property class”. For example, if modules are
designed for a specific layout (such as tiled layout) which
optimizes performance, and if the performance optimization
reduces power consumption or in some other way constrains
electrical properties of the associated module in desirable
ways, then the components which may be combined in the
tiled layout constitute an electrical property class.

[0063] Operational state (of a functional unit or functional
cluster)—The term “operational state”, as used in this docu-
ment, characterizes an overall operational condition or mode
of'a functional unit/functional cluster. Exemplary operational
states may include an “Active” state, wherein a module is
operational; a “Sleep” state, where a module is receiving no
power or where a regulated voltage (defined above) is insuf-
ficient to enable the module to function; a “Standby” state,
where a module is partly powered and possibly partly opera-
tional, but not fully operational;

[0064] any of various designated levels of power consump-
tion (which may be associated with such states as Active,
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Sleep, Standby, or similar states); and any of various clocking
or frequency modes, such as a high speed mode or a reduced
speed mode.

[0065] Levels of power consumption may be characterized
by specific power values (measured for example, in watts) or
related electrical values (voltage and/or current values). Lev-
els of power consumption may also be characterized in opera-
tional and/or relative power terms, for example, an “on state”,
an “on state with reduced power consumption”, an “on state
with minimal power consumption”, an “off state”, an “on
state with a specified clock frequency”, etc. It will be under-
stood that associated specific electrical values (such as the
power consumed when a module is in an “on state with
reduced power consumption” will be application-specific and
design-specific, and may further be defined with reference to
other values. For example, a voltage level suitable for a mod-
ule to be operating at an “on state with reduced power con-
sumption” would typically be a voltage level defined with
respect to, and further a voltage level which is less than, a
voltage level associated with an “on state” of the same mod-
ule.

[0066] An operational state may sometimes be referred to
as an “operational mode” or simply a “mode”.

[0067] Operational Requirement of the IC—An “opera-
tional requirement” of an IC is a function which the IC is
required to perform at a specific time or in a specific context.
For example, a microprocessor may have an operational
requirement at one point in time to retrieve data from
memory; an operational requirement at another point in time
to retrieve an instruction from memory; an operational
requirement at yet another time to execute a previously
retrieved instruction; and still another operational require-
ment at another point in time to store the results of an executed
instruction back to memory. At any given point in time, the
operational requirement(s) of an IC may determine, in part or
in whole, which functional units or functional clusters need to
be active in order to support the requirement(s).

[0068] Operational Property class—In addition to and
independent of the Electrical Property class described above,
a functional unit or functional cluster may also be character-
ized by its behavior in an operational state. Such Operational
Properties may include but are not limited to the “Maximum
Switching Activity” of all nodes in a given functional unit or
functional cluster, which is commonly referred to as “Maxi-
mum Toggle Rate”. The maximum toggle rate of a functional
cluster is an important characteristic that may be used in the
design of other components to ensure the reliable operation of
the given functional cluster and still reduce its power con-
sumption.

3. Exemplary Integrated Circuit (Conventional)

[0069] FIG. 1 is a block diagram of an integrated circuit
(IC) 100. IC 100 is comprised of multiple functional units
110, such as functional unit 1, functional unit 2, and possibly
other functional units up to functional unit numbered N (la-
beled in FIG. 1 as 110.1, 110.2, and 110.N, respectively).
Each functional unit receives power via a respective power
switch 105 which is controlled by a power switch control line
PD such as PD1, PD2, or PDn (for power switch 105.1,105.2,
and 105.N, respectively). Each power switch is fed from a
power line VDD, which in turn receives power from IC volt-
age regulation 102. Voltage regulation 102 may provide such
services as stepping up or stepping down a voltage from an
off-chip or on-chip voltage source (not shown), and voltage
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filtering to remove voltage spikes. Each power switch 105
provides a respective voltage VDD to its respective functional
unit 210 (for example, power switch 105.1 providing voltage
VDDI1 to functional unit 110.1).

[0070] Any one functional unit of functional units 110.1,
110.2, ... 110.N may provide a same or substantially similar
function as any other such unit; alternatively, any one func-
tional unit (for example, functional unit 110.1) may provide a
fundamentally different or unique function as compared to
one or more other units (for example, as compared to units
110.2, . . ., 110.N). In FIG. 1, for example, functional unit
110.N is shown as having a different arrangement of transis-
tors as compared to functional units 110.1 and 110.2, which
may be indicative of a different function for functional unit
110.N as compared with the other functional units.

[0071] More particularly, each functional unit 110 may be
configured to operate as any one of a variety of different
analog or digital modules, well known in the art of electron-
ics, such as those listed above in the section on Definitions
and including, for example and without limitation: a general
purpose processor, a mathematical processor, a state
machine, a digital signal processor, a video processor, an
audio processor, a logic unit, a logic element, a multiplexer, a
demultiplexer, a switching unit, a switching element, an
input/output (I/O) element, a peripheral controller, a bus, a
bus control, a register, a combinatorial logic element, a stor-
age unit, a programmable logic device, a neural network, a
sensing circuit, a control circuit, a digital to analog converter,
an analog to digital converter, an oscillator, a memory, a filter,
an amplifier, a mixer, a modulator, or a demodulator.

[0072] Each functional unit 110 is comprised of multiple
electronic components which are illustrated schematically in
FIG. 1 as transistors 115. Persons skilled in the relevant arts
will recognize that a functional unit will necessarily comprise
other electronic components as well, which may include, for
example and without limitation: resistors, capacitors, induc-
tors, diodes, lasers, and optical switching components.
[0073] Ascanbeseen from FIG. 1, a typical functional unit
110 may be comprised of transistors 115, which may be
mixed types of transistors in terms of their structure, charac-
teristics, and power requirements. For example, each func-
tional unit 110 may be comprised of MOSFET transistors
having a variety of threshold voltages. For example, HVt is a
high threshold voltage, SVt is a standard threshold voltage
and LVt is a low threshold voltage, as described above. Dif-
ferent transistors 115 with different threshold voltages
require different voltages in order to be switched on. For
example, an HVt transistor requires a higher threshold volt-
age than an SVt transistor, and an SVt transistor requires a
higher threshold voltage than an LVt transistor. Typical
example threshold voltages, for an exemplary supply voltage
ofabout 1.2 volts, may be 0.6 volts for an HVt MOSFET, 0.5
volt for an SVt MOSFET, and 0.4 volts for an LVt MOSFET.
While not illustrated in FIG. 1, different transistors 115 may
be further distinguished by other structural and/or operational
parameters as well, such as an optimal substrate bias or gate
length or a maximum allowed clock frequency (that is, a
maximum frequency at which a transistor may be switched on
and off).

[0074] Each power switch 105 is controlled by a power
switch control line PD, and can be used to determine whether
or not power is delivered to a functional unit 110. Using
power switch 105, it is possible to turn on the voltage to a
functional unit 110 or to turn off the voltage to a functional
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unit 110. In this way, by switching the voltage to a functional
unit on or off; it is possible to reduce the power consumption
of IC 100.

[0075] However, each functional unit 110 is comprised of
transistors 115 with a range of values for a given operational
parameters, such as a range of threshold voltages. As a con-
sequence, when a functional unit 110 does require power for
operations, it will be necessary to operate the functional unit
in a mode which is sufficient for all of its component param-
eters. For example, for a functional unit 110 comprised of
transistors 115 with a range of threshold voltages, it is nec-
essary to provide a supply voltage which is sufficient for the
transistors 115 with the highest threshold voltages, such as
the transistors labeled HVt in FIG. 1.

[0076] Therefore each functional unit 110 necessarily
receives the same supply voltage VDD (so, for example,
VDD1, VDD2, . . ., VDDn will all be the same voltage).
Although not illustrated in FIG. 1, transistors 115 of a func-
tional unit 110 may also be supplied with other common,
shared supply values, such as a common substrate bias volt-
age or a common clock signal. Because all elements receive
the common, shared supply values (e.g., voltages, clock
speeds, etc.), there is no way to regulate or adjust a supply
voltage, a substrate bias voltage, or a clock speed to values
which may be optimal for specific, individual transistors 115
within functional unit 110. This limits the degree to which
power consumption can be minimized for the functional unit
110.

[0077] Insummary, power consumption on IC 100 may be
regulated by turning off power to functional blocks which are
not in use, or in some cases by reducing voltage to some
functional blocks which may be in a Standby Mode, as that
term is conventionally understood. However, each functional
block is comprised of multiple transistors or other compo-
nents which may vary from each other in their values for
various operational parameters. While such components
might benefit from component-specific values for supply
voltages, clock speeds, or other electrical parameters, such
component-specific supplies are not available. This limits or
constrains the degree to which power consumption may be
tuned, or adjusted at a finer level, to specific values of opera-
tional parameters for different transistors or other compo-
nents.

[0078] Although exemplary IC 100 is illustrated as being
comprised of MOSFET transistors, the limitations on fine-
grained control discussed in this context are pertinent to other
kinds of transistors such as, for example, bi-polar junction
transistors (BJTs). Although the specific voltage parameters
and other parameters pertinent to other kinds of transistors
may differ from the parameters which characterize a MOS-
FET transistor, the underlying design constraints remains the
same. For a given type of electronic component (for example,
a MOSFET transistor), there can be different classes of that
component (such as HVt, SVit, and LVt transistors). As long
as different classes of components are combined or integrated
within a functional unit 110, all the components in the func-
tional unit will share a common power source (such as a
voltage source), which limits the extent to which power con-
sumption for IC 100 may be minimized.

4. Overview of the Present System and Method

[0079] An IC is comprised of a set of interconnected mod-
ule, referred to herein as “functional units” and “functional
clusters”, where each module performs a specific function. A
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module may be characterized by its operating parameters
such as supply voltage, substrate bias voltage, temperature,
properties of the fabrication process, and the associated per-
formance attributes such as instructions/transactions per sec-
ond, maximum frequency of operation, and other attributes
which may influence its power consumption. Each of the
above parameters is often specified as a range of values that
result in an acceptable operation of the given module.
[0080] In an embodiment of the present system and
method, by controlling the operating parameters of the indi-
vidual modules, the top-level system can be configured to
perform one or more functions (referred to as applications)
with different performance levels and different levels of
power consumption for individual modules.

[0081] In conventional semiconductor technologies (such
as CMORS), the supply voltage and input clock frequency
provided to a particular module may be adjusted to ensure that
it meets the performance goals needed for a given application.
When a given module is not needed for a given application, it
may be kept idle or alternatively, placed in a state that mini-
mizes the dynamic power or leakage power consumed by it.
[0082] The present system and method improves on the
conventional power management approach in multiple
respects, which may include but are not limited to:

[0083] a) For at least a single module (of multiple modules
within the IC), design a module that has devices (for example,
transistors) with similar electrical characteristics in relation
to a regulated voltage (such as a supply voltage) or other
electrical characteristic. Specific examples of such electrical
characteristics include, and are not limited to, the device
switching threshold voltage, the substrate bias voltage, and
the maximum clock frequency of the module. So for example,
a module may be engineered such that all transistors in the
module have a common switching threshold voltage. Similar
design considerations may be applied to more than one mod-
ule. For example, a first module may have transistors all
having a first common switching threshold voltage. A second
module may have transistors all having a second common
switching threshold voltage. A third module may have tran-
sistors with a high threshold voltage and long gate lengths. A
fourth module may have a toggle rate of internal circuit nodes
that are above a pre-defined value.

[0084] b) The ability to dynamically and/or adaptively con-
trol the regulated voltage supplied to a selected module inde-
pendent of other blocks. This control may be implemented as
a function of the electrical characteristics of the module as
described in (a) above.

[0085] c¢) The ability to dynamically and/or adaptively
adjust the clock frequency of one or more modules in accor-
dance with the performance goal requirement for a given
application.

[0086] d) The ability to dynamically and/or adaptively
adjust the substrate bias voltage to one or more modules as a
function of the type of devices used in the implementation of
the given module.

[0087] e) The ability to define and/or modity the sequence
to adjust the clock frequency, supply voltage and substrate
bias as mentioned in item ¢ through item e) above.

[0088] The present system and method may minimize
dynamic power or leakage power consumption:

[0089] 1) If a given module is implemented as a switchable
power island, that is, with a regulated supply voltage that can
be disconnected from the main power supply, the module can
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be powered down with its outputs isolated from their desti-
nations in other modules that may be powered.

[0090] 1ii) If a given module is implemented with a variable
power supply that can be adjusted (automatically or through
system firmware), the power supply to this module can be
dynamically adjusted to be adequate for its performance
goals during its normal operation. This adjustment will be
based on the apriori characterization of the module. A feature
of the present system and method is that the range of this
adjustment may further benefit from the type of devices used
in the implementation of this module. For example, the range
of regulated voltage levels supplied for a module imple-
mented with low threshold voltage devices may be different
from the range of regulated voltage levels for a module imple-
mented with high threshold voltage devices.

[0091] iii) Similar to ii), when the operation of a given
module is not needed for a given application, the substrate
bias for the devices in this module can be adjusted such that its
leakage power is minimized. The range of the substrate bias
voltage may be dependent on the type of devices used in the
implementation of the module.

[0092] iv) Independent of the supply voltage, the clock
signal to a given module can be dynamically disabled
(stopped) when the operation of this module is not required in
a given application.

[0093] Thus, benefits of the present system and method
may include, but are not limited to the ability to adjust the
clock frequency to one or more modules dynamically and/or
adaptively; the ability to adjust the regulated voltage supplied
to one or more modules dynamically and/or adaptively, based
on the type of devices used in the implementation of the
module; and the ability to adjust the substrate bias voltage to
one or more modules dynamically and/or adaptively, based
on the type of devices used in the implementation of the
module. In turn, the choice of devices used in the implemen-
tation of a module may depend on one or more operational
properties of a module. By compartmentalizing modules
(functional units and/or functional clusters) to have well-
defined operational properties, it is possible to select devices
(for example transistors, diodes, etc.) which are part of a
single electrical property class, or a subset of electrical prop-
erty classes. This in turn permits the power management
techniques discussed above, and discussed in further detail
below through exemplary embodiments.

5. Exemplary Integrated Circuit (IC) According to the Present
System and Method

[0094] FIG. 2 illustrates an exemplary IC 200 according to
the present system and method. Some elements of IC 200 are
the same as those discussed above in conjunction with IC 100,
and a detailed discussion of those elements will not be
repeated here.

[0095] Like exemplary IC 100 which has exemplary func-
tional units 110, exemplary IC 200 has one or more exem-
plary functional units 210, labeled as 210.1, 210.2, . . .,
210.N. Here again, any one functional unit 210.X of 210.1,
210.2, . .., 210.N may serve a same purpose or function, a
similar purpose or function, or a different purpose or function
as any one other functional unit 210.Y of 210.1, 210.2, . . .,
210.N.

[0096] However, in IC 200, an exemplary functional unit
210 is now further sub-divided into two or more exemplary
functional clusters 215. For example, functional unit 210 may
have a first functional cluster 215.1, a second functional clus-
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ter 215.2, and a third functional cluster 215.3. Each functional
clusters 215 is distinguished by the fact that all transistors
within the functional cluster belong to the same electrical
property class. For example, the first functional cluster 215.1
is composed exclusively of transistors 115.1 which all have a
high threshold voltage (HV?). The second functional cluster,
215.2 is comprised of transistors 115.2 which all have a
standard threshold voltage (SVt). The third functional unit,
215.3 is comprised of transistors 115.3 which all have a low
threshold voltage (LVt). As a result, each functional cluster
215 is comprised exclusively of a single type or single class of
transistor having a common electrical characteristic such as
those having a high threshold voltage, a standard threshold
voltage, or a low threshold voltage.

[0097] Persons skilled in the relevant arts will appreciate
that the use of transistors 115 as the component class to
illustrate the properties of functional clusters 215 is exem-
plary only. More generally, a functional cluster may be char-
acterized by a designated component class (or classes) of
electrical components which further share a common electri-
cal characteristic, and therefore belong to a common electri-
cal property class as well.

[0098] For example, the designated component class may
be transistors of various types (for example, BJTs or FETs),
but may also be diodes, optical switches or other optical
components (such as laser elements), or other types of elec-
trical components. The class of electrical components could
even be, for example, capacitors sharing a substantially com-
mon capacitance and therefore possibly a common frequency
response. In the present exemplary embodiment and further
exemplary embodiments described below, the exemplary
electrical components will typically be transistors. However,
the present system and method entails grouping components
with a same electrical property class, and it will be understood
the present system and method may apply to component
classes other than just transistors.

[0099] In order to design a functional unit with discrete
functional clusters 215, it is necessary during the design
process to consider which types of functions within the func-
tional unit 210 may lend themselves to transistors 115 of a
specific electrical property class. For example, some applica-
tions may require transistors which have a high threshold
voltage, while other specific applications or functions lend
themselves to transistors which may require a standard
threshold voltage or a low threshold voltage. (A threshold
voltage is one example of a critical voltage level.)

[0100] In practical applications (and assuming an exem-
plary supply voltage of about 1.2 volts), some electrical func-
tions may lend themselves to MOSFETs which have a low
threshold voltage (LVt) (for example, approximately 0.4
volts). Other electrical functions may require transistors
which have a standard threshold voltage (SVt) (for example,
approximately 0.5 volts), while yet other electrical operations
or functions may require transistors which have a higher
threshold voltage (HVt) (for example, approximately 0.6
volts). By combining transistors of the same electrical prop-
erty class into modular units, referred to herein as functional
clusters 215 having a common electrical characteristic, it is
possible to fine tune the voltage supplied to each functional
cluster 215 such that only the minimum voltage is supplied
which is necessary for the functional cluster 215 to operate
successfully.

[0101] This operational principle is further illustrated in
FIG. 3, which presents a more detailed block diagram of an
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exemplary functional unit 210. It can be seen that each func-
tional cluster, such as 215.1, 215.2, and 215.3 has its own
associated voltage control unit 305.1, 305.2, and 305.3,
respectively. Each voltage control unit 305 may be configured
to take the regulated supply voltage VDDn and step down or
step up that voltage to a voltage which is appropriate for the
corresponding functional cluster. (In some cases, voltage
control unit 305 may pass voltage VDD through to functional
cluster 215 unchanged.) Voltage control unit 305 is said to
deliver a regulated voltage Vreg to functional cluster 215, for
example, Vreg.1 to functional cluster 215.1.

[0102] Forexample, regulated voltage Vreg.3 which is sup-
plied by the third voltage control unit 305.3 to functional
cluster 215.3 may be less than regulated voltage Vreg.2 which
is supplied by second voltage control unit 305.2 to second
functional cluster 215.2. Similarly, regulated voltage Vreg.2
supplied by the second voltage control unit 305.2 to second
functional cluster 215.2 may be less than the regulated volt-
age supplied Vreg.1 by first voltage control unit 305.1 to the
first functional cluster 215.1. In this way, even if all three
functional clusters 215 are in operational use (that is, in an
“active” operational state), the regulated voltage Vreg sup-
plied to each functional cluster 215 may be fine-tuned or
adapted to the specific needs of that particular functional
cluster. This is made possible because each functional cluster
215 may be comprised exclusively of transistors 115 belong-
ing to a same electrical property class, indicating they have a
common electrical characteristic.

[0103] Each voltage control unit 305 of functional unit N
may have a control line VCn (for example, VCn.1 for voltage
control unit 305.1 of functional cluster N) which enables the
voltage from voltage control unit 305 to be adjusted by con-
trol logic. For example, each voltage control unit 305 may
receive a control signal via its respective control line VCn
from Module/Cluster Power Supply Voltage Control 635 of
IC Power Control Element 605 (see FI1G. 6, below). A control
signal received via control line VCn may, for example, indi-
cate that functional cluster 215 is to be completely turned off
if the functional cluster 215 is not required (that is, in a
“powered off” state), or is to be reduced if the functional
cluster is to be put into a low power, reduced frequency, or
sleep state.

[0104] FIG. 4 illustrates an embodiment of an exemplary
functional unit 210 of exemplary IC 200. FIG. 4 repeats
certain elements which have been previously discussed, the
details of which will not be repeated here.

[0105] In FIG. 4 the transistors in each functional cluster
215 receive a substrate bias voltage from a substrate bias
voltage generator 405. (A substrate bias voltage is another
example of a critical voltage level.)

[0106] Forexample, first functional cluster 215.1 receives a
substrate bias voltage Vsb.1 from substrate bias voltage gen-
erator 405.1. Similarly, the second and third functional clus-
ters 215.2 and 215.3 receive respective substrate bias voltages
Vsb.2, Vsb.3 from respective substrate bias voltage genera-
tors 405.2 and 405.3. The voltage Vsb supplied by each
respective substrate bias voltage generator 405 of functional
unit N may be determined via control signals received at
generator 405 via control lines SBCn (for example, control
line SBCn.1 for substrate bias voltage generator 405.1). For
example, each substrate bias voltage generator 405 may
receive a control signal via its respective control line SBCn
from Module/Cluster Substrate Bias Voltage Control 645 of
IC Power Control Element 605 (see FIG. 6, below).
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[0107] By properly adjusting a substrate bias voltage to
each functional cluster 215, it is possible to minimize the
leakage current in each functional cluster. By reducing the
leakage current, it is further possible to reduce the energy
consumption within the functional cluster 215. Applying a
cluster-specific-substrate bias voltage Vsb to each functional
cluster 215 makes it possible to optimally minimize the leak-
age current for the functional cluster 215. Each cluster 215
contains transistors which belong to a common electrical
property class, namely, a class of transistors 115 connected to
a common substrate bias voltage. In this way, it is possible to
minimize the power consumption for each functional cluster
215 within functional unit 210, and therefore help minimize
the power consumption by IC 200.

[0108] In each case, the actual (that is, the applied) sub-
strate bias voltage Vsb is an example of a regulated voltage,
while the preferred voltage level to minimize power con-
sumption is an example value of a critical voltage level. In
typical operation, and whenever the operating environment
and operating requirements permit, the regulated voltage
level will be set to the critical voltage level in order to mini-
mize power consumption.

[0109] FIG. 5 illustrates another embodiment of an exem-
plary functional unit 210 of exemplary IC 200. Certain ele-
ments of functional unit 210 have already been discussed
above and the details of the discussion will not be repeated
here.

[0110] Exemplary functional unit 210 now has an associ-
ated clock source 510 which provides a clock signal to func-
tional unit 210. In addition, each functional cluster 215 has an
associated frequency control logic 505. For example, first
functional cluster 215.1 has frequency control logic 505.1.
Similarly, second and third functional clusters 215.2 and
215.3 each have respective associated frequency control logic
505.2 and 505.3. Each frequency control logic 505 receives
the clock signal from clock source 510 via clock signal line
CLK. Frequency control logic 505 may be a frequency
divider or a frequency multiplier which enables each func-
tional cluster 215 to be driven at its own respective clock
frequency. Frequency control logic 505 may perform other
clock related logic and/or gating functions as well. Each
cluster 215 contains transistors which belong to a common
electrical property class, namely, a class of transistors 115
with a common clock frequency that may operate up to the
same maximum clock frequency.

[0111] Because each functional cluster 215 is composed of
components of a single electrical property class, it may be
possible to configure each functional cluster 215 to operate at
a different clock frequency. As a result, the frequency control
logic 505 associated with each functional cluster 215 may
drive functional cluster 215 at a clock frequency or clock
signal Csig which is suitable for the purpose or the capabili-
ties of the application of functional cluster 215, independent
of other functional clusters. For example, frequency control
logic 505.1 drives functional cluster 215.1 via clock signal
Csig.1. Since lower clock frequencies are typically associated
with reduced power consumption, this makes it possible to
minimize the power consumption for each functional cluster
215. In turn, this minimizes the power consumption for func-
tional unit 210 and IC 200 as a whole. Each frequency control
logic 505 of functional unit N may receive frequency control
signals or clock control signals via a control line CKCn (for
example, control line CKCn.1 controls frequency control
logic 505.1). Each frequency control logic 505 may receive a
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control signal via its respective control line CKCn from Mod-
ule/Cluster Clock Signal Control 640 of IC Power Control
Element 605 (see FIG. 6, below).

6. Another Exemplary IC

[0112] FIG. 6 illustrates an embodiment of another exem-
plary IC 600 according to the present system and method.
Exemplary IC 600 has some elements in common with exem-
plary IC 200 discussed above (see FIGS. 2-5), and the details
of those elements will not be repeated here.

[0113] Exemplary IC 600 includes an IC power control
element 605. IC power control element 605 in turn may be
comprised of a number of modules which can regulate the
power consumed by each functional unit 210 and each func-
tional cluster 215 of exemplary IC 600. Control by IC power
control element 605 is exerted through general control lines
GCL. An exemplary single common bus GCL is shown con-
veying signals from module/cluster power supply voltage
control 635, module/cluster clock signal control 640, and
module/cluster substrate bias voltage control 645 (all dis-
cussed further below) to functional units 215. In an alternative
embodiment, separate buses may be employed from voltage
control 635, signal control 640, and/or bias voltage control
645 to functional units 215. Other couplings methods may be
employed as well.

[0114] Exemplary IC power control element may be com-
prised of a system or IC state monitor 610, an external sys-
tems interface monitor 615, a power supply or battery monitor
620, a power commands monitor 625, power control logic
630, a module/cluster power supply voltage control 635, a
module/cluster clock signal control 640, and a module/cluster
substrate bias voltage control 645.

[0115] System or IC state monitor 610 may serve to main-
tain monitor and gather status information for functions
throughout IC 600. For example, IC state monitor 610 may
obtain information on which functional units are currently in
use, or which functional clusters are currently in use, or both
or which functional clusters are likely to require a higher
clock frequency within a predetermined period in order to
support an application. It may also maintain information on a
voltage currently being applied to functional units 210, or
functional cluster 215, or, similarly, on clock speeds or sub-
strate bias voltages for functional units 210 and functional
clusters 215.

[0116] External systems interface monitor 615 may main-
tain status information on data or signals being received by IC
600 from other ICs, and also maintain information on data or
signals being supplied or to be supplied by IC 600 to other ICs
or other external systems.

[0117] Power supply or battery monitor 620 may maintain
information on the total power available to and/or being sup-
plied to IC 600. For example, power supply monitor 620 may
maintain information on the voltage currently being supplied
by IC voltage regulation 102.

[0118] Power commands monitor 625 may receive specific
power management commands for IC 600. Such power man-
agement commands may be provided by other power regula-
tion logic which is external to IC 600, or may be supplied by
software which is driving or running IC 600, or such com-
mands may be received via software or via hardware from a
user who is controlling a technology (for example, a com-
puter) associated with IC 600.

[0119] Module/cluster power supply voltage control 635 is
configured to control the regulated voltage which is supplied
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to a functional unit 210 or to a functional cluster 215. For
example, module/cluster power supply voltage control 635
may control power switches 105 or may control voltage regu-
lation modules 305 (not illustrated in FIG. 6, see FIG. 3).
[0120] Similarly, module/cluster clock control signal 640
may control the clock signals and the clock frequencies which
are supplied to a functional unit 210 or to a functional cluster
215. For example, module/cluster clock signal control 640
may send control signals to oscillator 510 (see FIG. 5) or to
frequency control logic 505 (see FIG. 5).

[0121] Module/cluster substrate bias voltage control 645
may be similarly configured to control the substrate bias
voltage applied to functional clusters 215. For example, mod-
ule/cluster substrate bias voltage control 645 may be coupled
to substrate bias voltage control generators 405 (not shown
here, see FIG. 4).

[0122] In this way, module/cluster power supply voltage
control 635, clock signal control 640, and substrate bias volt-
age control 645 are configured to regulate respective supply
voltages, clock signal speeds, and substrate bias voltages
throughout IC 600. Because transistors 115 are clustered into
functional clusters 215, which typically comprise transistors
of' a common electrical property class, it is possible to fine-
tune the supply voltages, clock signals or clock speeds, and
substrate bias voltages to optimum values for each functional
cluster. Because each functional cluster is comprised of tran-
sistors of acommon electrical property class, some functional
clusters will be amenable to lower voltages, higher substrate
bias and hence lower leakage currents, or reduced clock
speeds, as compared to other functional clusters. This results
in an overall reduction of power consumption by IC 600.
[0123] IC state monitor 610, external systems interface
monitor 615, power supply monitor 620, and power com-
mands monitor 625 may be considered as sensing or input
elements for IC power control 605. Similarly, module/cluster
power supply voltage control 635, clock signal control 640,
and substrate bias voltage control 645 may be considered
control elements for IC power control element 605.

[0124] Coupling the input or monitoring elements with the
power control elements is power control logic 630. Power
control logic 630 serves to integrate monitoring data and
commands supplied to IC 600, and further serves to deter-
mine which functional units 210 and which functional clus-
ters 215 require power, and the amount of power they require
(that is, the regulated voltage(s) which should be applied),
along with their clock speeds and substrate bias voltages.
[0125] An exemplary power management algorithm which
may be implemented by IC power control element 605, and in
particular controlled or processed via power control logic
630, is presented below as method 1000 in conjunction with
FIG. 10.

[0126] Persons skilled in the relevant arts will appreciate
that the precise logic of power control logic 630 will be
specific to the actual function served by functional units 210
and functional clusters 215. Persons skilled in the relevant
arts will further appreciate that IC power control element 605
may be implemented in a number of ways including, for
example, as a microprocessor module within IC 600, along
with associated memory and possibly with read-only memory
(ROM), one-time programmable (OTP) ROM or multiple-
time programmable (MTP) ROM to supply the necessary
control logic. Alternatively, IC power control element 605
may be implemented as a dedicated, hardwired control logic.
Alternatively, some or all of IC power control element 605
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may be off-chip from IC 600. For example, power control
logic 630 may be provided by a processor (a CPU) coupled to
1C 600.

7. Another Exemplary IC

[0127] Discussed above are several exemplary embodi-
ments of an integrated circuit 200, 600 according to the
present system and method. In those embodiments, IC 200,
600 was subdivided into functional units 210, each with its
own power switch 105, and each functional unit was further
divided into functional clusters 215, as already discussed
above. However, organization of IC 200, 600 into functional
units 210 which are further divided into submodules (referred
to as functional clusters 215) represents only one possible,
exemplary organization of an integrated circuit according to
the present system and method.

[0128] FIG. 7 illustrates an embodiment of another exem-
plary IC 700 according to the present system and method.
Exemplary IC 700 has some elements in common with exem-
plary 1Cs 200 and 600 discussed above, and the details of
those elements will not be repeated here. Note that although
not illustrated in FIG. 7, IC power control element 605 is
coupled via control lines GCL to functional clusters 215 for
purposes of signaling, monitoring, and/or control. Various
other control signals, such as control signals VCn to voltage
control 305, control signals SBCn to substrate bias voltage
generators 405, and clock control signals CKCn to frequency
control logic modules 505, may also be received via control
lines GCL from IC power control element 605. Similarly,
frequency control logic modules 505 are connected to clock
510 via line CLK. In FIG. 7, voltage control 305 is illustrated
as being external to functional cluster 215. In an alternative
embodiment, some or all of voltage control elements 305 may
be internal to, or be a component of, some or all of functional
clusters 215.

[0129] In IC 700 the highest level modular organization of
functionality is into top level functional clusters 215, such as
a first functional cluster 215.1, a second functional cluster
215.2, and possibly additional functional clusters 215.
[0130] Each functional cluster 215 has an associated volt-
age control unit 305 which provides a regulated voltage Vreg
suitable for the transistors 115 of the functional cluster. The
exact regulated voltage Vreg supplied by voltage regulation
305 will depend on the electrical property class or operational
property class of the transistors of the functional cluster 215
and/or a common electrical characteristic of the functional
cluster 215. For example, a different voltage Vreg will be
supplied depending on whether the transistors 115 of the
functional cluster have a critical voltage level (in this case, a
threshold voltage level) which is a low voltage threshold
(LV1), a standard voltage threshold (SV1), or a high voltage
threshold (HV?).

[0131] Similarly, each functional cluster 215 may have its
own frequency control logic 505, and may also have its own
substrate bias voltage generator 405. For example, functional
cluster 215.1 receives clock signal Csig.1 from frequency
control logic 505.1 and substrate bias voltage Vsb.1 from
substrate bias voltage generator 405.1. In this way, it may be
possible to optimize a clock frequency and a regulated volt-
age supplied to functional clusters 215 according to the elec-
trical property class of transistor for each functional cluster.

8. Another Exemplary IC

[0132] FIG. 8 depicts an embodiment of another exemplary
IC 800 according to the present system and method. Some
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elements of IC 800 have been discussed previously in con-
junction with several figures above, and in particular in con-
junction with FIG. 7 with respect to the overall modular
organization of IC 800, and the discussion will not be
repeated here. Note that although not illustrated in FIG. 8, IC
power control element 605 is coupled via control line GCL to
functional clusters 215 for purposes of signaling, monitoring,
and/or control. Various other control signals, such as control
signals VCn to voltage control 305, control signals SBCn to
substrate bias voltage generators 405, and clock control sig-
nals CKCn to frequency control logic modules 505, may also
be received via control lines GCL from IC power control
element 605. Similarly, frequency control logic modules 505
are coupled to clock 510 via line CLK.

[0133] In IC 800 each functional cluster 215 is comprised
of transistors 115 belonging to a common electrical property
class. Each different functional cluster 215.1, 215.2, 215.N,
however, is comprised of transistors (115.1, 115.2, and 115.
N, respectively) which belong to a different electrical prop-
erty class from the transistors of the other functional clusters.
Each functional cluster 215 is also supplied a regulated volt-
age Vreg which is supplied by a common voltage regulator
805. (This is unlike embodiments discussed above, for
example in conjunction with FIG. 7, where each functional
cluster 215 had its own dedicated voltage regulation.) In the
configuration shown, each functional cluster, such as func-
tional cluster 215.1, 215.2, and 215.3, will receive a common
regulated voltage value Vreg from voltage control 805.
[0134] An advantage of this configuration is that when
voltage Vreg is reduced down below a supply threshold volt-
age applicable to a first functional cluster 215.1, functional
cluster 215.1 automatically ceases operation because the sup-
plied voltage is below the threshold voltage required for its
operation. At the same time, however, and provided that volt-
age Vreg remains above the threshold voltage applicable to
functional cluster 215.2 and 215.3, functional clusters 215.2
and 215.3 remain in operation. This “supply threshold” volt-
age may be determined in conjunction with, but independent
of the transistor threshold voltages, e.g., LVt, SVt, HV1t. For
example, an application-specific or system-event-specific
supply threshold voltage may be determined in real time by
power control logic 630 of IC power control element 605, and
relayed to voltage control 805 via power supply voltage con-
trol module 635 of IC power control 605.

[0135] Similarly, it is possible to lower the voltage Vreg
below the threshold voltage applicable to both functional
clusters 215.1 and 215.2. However, as long as the voltage
Vreg supplied by voltage regulation 805 remains above the
threshold voltage applicable to functional cluster 215.3, func-
tional cluster 215.3 remains operational.

[0136] Similarly, in IC 800 a common substrate bias volt-
age regulator 810 applies a common substrate bias voltage
Vsb to all three functional clusters 215.1, 215.2, and 215.3.
However, if one or more functional clusters are in an active
state (for example, the applied source voltage exceeds the bias
voltage), these functional clusters may exhibit no loss of
performance or minimal loss of power due to leakage cur-
rents. This means the substrate bias voltage may then be
fine-tuned for a functional cluster which is in an inactive state
and reduce its power consumption.

[0137] An exemplary practical application of embodiment
800 is an IC comprising both control logic and memory. A
functional module comprising memory elements may be
comprised of LVt FETs, while the control logic may be com-
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prised of SVt or HVt FETs. It is possible to lower the regu-
lated supply voltage so that threshold voltage requirement
applicable to the LVt module(s) is supported, but the thresh-
old voltage requirements applicable to the SVt or HVtmodule
(s) is not supported. In this way, the control logic is tempo-
rarily powered off, while the memory elements retain their
data. At the same time, the overall power consumption of IC
800 is reduced.

[0138] By way of exemplary embodiment, functional clus-
ters 215.1, 215.2, and 215.3 are illustrated as each having
separate frequency control logic 505.1, 505.2, and 505.3,
respectively. In this way, it is illustrated that while each func-
tional cluster may share a common voltage regulation 805, or
may share a common substrate bias voltage generator 810,
other aspects of driving or regulating a functional cluster 215
(such as a clock frequency) may be specific to the functional
cluster in question.

[0139] Persons skilled in the relevant art will recognize that
other combinations of shared driving elements and cluster-
specific driving elements may be employed. For example,
each functional cluster 215 may have its own voltage regula-
tion, and each functional cluster 215 may have its own sub-
strate bias voltage, however, a common clock may be used to
drive all the functional clusters. In this way it is possible to
implement various specific mechanisms for minimizing
power consumption and maximizing essential local control of
functional clusters, while also ensuring that certain functions
or parameters are consistent throughout IC 800, as may be
necessary for a particular application at hand.

9. An Exemplary Method for Designing an IC

[0140] FIG. 9 is a flowchart of an exemplary method 900
for designing an integrated circuit (IC) according to the
present system and method. The method begins at step 905
and continues immediately with step 910. In step 910, a
determination is made as to the functional requirements of the
IC (also known as “applications™) such that a further deter-
mination can be made as to functional units of the IC. In this
way a list of functional units of the IC is created.

[0141] In step 915, a first functional unit is selected for
evaluation.
[0142] Steps 920,925,930, 935, and 940 together comprise

a functional cluster design step 945. Step 945 begins at step
920 with the evaluation of a given functional unit, such as the
first functional unit. In step 920, an evaluation is made as to
whether the functional unit can be implemented with compo-
nents of a single electrical property class. For example, an
evaluation is made as to whether the functional unit can be
implemented exclusively with MOSFETs with a low thresh-
old voltage, a standard threshold voltage, or a high threshold
voltage. If such an implementation can be made, then in step
925 a functional cluster is created. The functional cluster
implements the functional unit with components of the func-
tional class suitable for that functional unit.

[0143] The method then moves to step 930 where determi-
nation is made if more functional units remain to be evalu-
ated. If so, then the additional functional units are evaluated at
step 920 to determine if it can be implemented with compo-
nents of a single electrical property class. If the determination
is yes, the method proceeds with step 925 as already dis-
cussed above.

[0144] Ifatstep 920, itis determined that the functional unit
cannot be implemented with components of a single electrical
property class, then at step 935 an evaluation is made as to
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whether the functional unit can be subdivided into component
functional subunits. If the answer is yes, then at step 940 the
functional unitis divided into component functional subunits.
The method then continues back at step 920, where each
functional unit in turn is evaluated, to determine if it can be
implemented with components of a single electrical property
class. The method then continues as before, with either steps
925 or 935.

[0145] At step 930, it may be determined there are no more
functional units to be evaluated. In that case method 900
continues at step 950. At step 950, for each functional unit and
or functional cluster, a determination is made as to power
supply requirements. At step 955, an implementation is made
of power supply elements for each function unit and cluster.
At step 960, for each functional unit or functional cluster, a
determination may be made as to a required clock or fre-
quency requirements. At step 965, the necessary clock or
oscillator elements are implemented to drive each functional
unit or functional clusters. At step 970, a determination is
made as to power logic and clock logic for the IC, and at step
975 power logic and clock logic for the IC are implemented.
The method terminates at step 980.

[0146] It will be recognized based on the discussion above
that in steps 950 and 960, where a determination is made as to
power supply requirements and clock requirements, different
functional clusters will require different power levels and
possibly different clock or frequency driving requirements,
based on the electrical property class of components in the
functional cluster (for example, based on the electrical prop-
erty class of the transistors). In this way different power
requirements and frequency requirements can be imple-
mented for different functional clusters, resulting in overall
reduction of power for the IC.

10. Exemplary Method for Real Time Dynamic Power Mini-
mization for an IC

[0147] FIG.10 is aflowchart of an exemplary method 1000
for dynamically and/or adaptively minimizing power con-
sumption by an integrated circuit according to the present
system and method. Method 1000 assumes that an integrated
circuit has been implemented as described above, that is, with
an organization of components substantially similar to those
in exemplary IC embodiments 200, 600, 700, or 800, wherein
functional aspects of the integrated circuit have been modu-
larized into functional clusters 215. Further, it is assumed that
different functional clusters 215 have different voltage
requirements, different clock speed requirements, or other
requirements which affect their power consumption. Method
1000 may be implemented or controlled by an IC power
control element 605 (not shown here, see FIGS. 6, 7, and 8
above).

[0148] Method 1000 begins at step 1005 and continues
immediately with step 1010.

[0149] At step 1010 a determination is made as to real-time
functional requirements of the integrated circuit (that is, a
determination is made as to an application or applications to
which the IC will be applied). Specifically, a determination is
made as to the current use or immediate future use to which
the integrated circuit may be put. For example, if the circuit is
dedicated to digital signal processing (DSP) for audio appli-
cations a determination may be made as to whether the
expected audio quality is to be a low quality, a medium
quality, or a high quality. This determination in turn may
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determine whether low frequency, medium frequency, or high
frequency elements of the DSP IC are to be used.

[0150] This determination and similar determinations
appropriate to a given IC may be made through a combination
of data from various internal IC monitoring systems (for
example, IC state monitor 610, external systems interface
monitor 615, power supply monitor 620, and power com-
mands monitor 625, see FIG. 6 above) and control logic
(executed for example by power control logic 630, see again
FIG. 6 above).

[0151] At step 1015 a first functional cluster is selected for
evaluation. At step 1020 a determination is made as to
whether the selected functional cluster is needed for the cur-
rent IC functional requirements. If the answer is no, then at
step 1025 power may be turned off for the functional cluster.
At step 1027, which is optional, the clock or oscillator asso-
ciated with the functional cluster may be turned off, and at
step 1029, which is optional, the cluster substrate bias voltage
may be adjusted to reduce leakage power associated with
leakage current. Any of steps 1025, 1027, and 1029 may
continue with step 1080, where it is determined if more func-
tional clusters are to be evaluated.

[0152] Returning to step 1020, if a determination is made
that the functional cluster is needed for current or anticipated
IC functional requirements, the method continues at step
1040. At step 1040 a determination is made as to whether it is
possible to reduce the clock speed associated with the func-
tional cluster. For example, if for a DSP IC only a low audio
quality is required, it may be possible to reduce the clock
speed associated with the functional cluster. If the answer is
yes, then at step 1045 the clock or oscillator frequency asso-
ciated with the functional cluster is reduced, and at optional
step 1047 the power supply to the functional cluster may be
reduced. Either step 1045 or 1047 may continue with step
1080. If at step 1040 a determination is made that a clock
speed cannot be reduced or is not applicable, the method
continues with step 1060.

[0153] Atstep 1060 a determination is made as to whether
other power reduction protocols may be appropriate. The
basis for such a determination may vary widely depending on
both the type of the IC, an application of the IC, and a specific
purpose of a specific functional cluster. For example, if a
determination is made in step 1060 that voltage to a functional
cluster may be reduced, then at step 1065 the voltage to the
functional cluster is reduced. At optional 1067, the cluster
substrate bias voltage may be reduced or may be modified to
reduce leakage power. Either of steps 1065 or 1067 may
continue with step 1080.

[0154] At step 1080 a determination is made as to whether
more functional clusters are to be evaluated. If the answer is
yes, the method continues with step 1020 where a determi-
nation is made if a functional cluster is needed for current or
anticipated IC functional requirements. Alternatively, at step
1080 if no more functional clusters are to be evaluated then
the method may either return to step 1010, determining a real
time functional requirement of the integrated circuit, or the
method may stop at step 1090.

[0155] For any given functional cluster, an actual applied
voltage or clock speed will depend not only whether the
cluster is operational at a given time, but also on voltage and
clock speed requirements which are specific to the electrical
property class of the components in the cluster. In turn, and
whenever possible, the components in each functional cluster
have been selected during the design stage (as per exemplary
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method 900 above, see FIG. 9) to be of a electrical property
class that requires the minimum power and or speed require-
ments consistent with the function of the cluster. Conse-
quently, power consumption in the IC is minimized because
specific functional clusters consume the minimum necessary
power to perform their task.

[0156] The actual control of voltages and clock speeds may
be made by power control logic 630 (see FIG. 6 above) in
combination with module/cluster power supply voltage con-
trol 635, module/cluster clock signal control 640, and mod-
ule/cluster substrate bias voltage control 645 (see FIG. 6
above), and further in combination with various cluster volt-
age and clock control elements, discussed above in conjunc-
tion with various figures.

[0157] Persons skilled in the relevant arts will recognize
that the steps described above, as well as the order of the steps,
are exemplary only. The order of steps may be changed, and
some steps eliminated or added, while remaining within the
scope and spirit of the present invention.

11. Alternative Embodiments
(a) Functional Clusters and Electrical Property Classes

[0158] In embodiments described and illustrated above, a
functional cluster has been described and illustrated as exclu-
sively having components of only a single electrical property
class. For example, a functional cluster has been illustrated as
only having transistors with a single threshold voltage such
as, for example, a low threshold voltage.

[0159] In alternative embodiments, a functional cluster
may employ components that have more than one functional
class. For example, a functional cluster may have transistors
have a low threshold voltage and also other transistors that
have a standard threshold voltage. Provided that a functional
cluster comprises components that do not span the fall range
of electrical property classes (for example, low, standard, and
high threshold voltages), it may still be the case that having
only a limited selection of components from a limited number
ofelectrical property classes in a functional cluster may yield
reduced power consumption or specialized power require-
ments. There may be other embodiments where a functional
cluster may be comprised of transistors with high switching
threshold and also long gate lengths.

[0160] In alternative embodiments, a functional cluster
may employ components that have the same operational
property class or combinations of operational property
classes. Similarly, a functional cluster may employ a combi-
nation of an electrical property class and an operational prop-
erty class.

(b) Component Types

[0161] Although exemplary embodiments described above
have employed MOSFETs, the present system and method is
not limited to MOSFETs. The system and method applies as
well to any electrical components which have recognized
classes or gradations of electrical properties, including other
types of field effect transistors (FETs) such as JFETs, to
bipolar junction transistors (BJTs), and to diodes. The system
and method may also apply to other solid state components
which may be classified into electrical property classes by
other properties. For example, a system employing laser light
sources (such as light emitting diodes, or LEDs) or a system
employing optical switching elements, magnetically active
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components, and other such components may also achieve
power reduction using the system and method described
herein.

(c) Combining Functional Clusters and Standard Modules on
A Single IC

[0162] Inexemplary embodiments described above, exem-
plary ICs 200, 600, 700, and 800 have been illustrated as
being comprised exclusively of functional clusters, that is, of
modules which have electrical components of a single elec-
trical property class, or components selected from only a
subset of the available electrical property classes.

[0163] In practice, some functional units (that is, opera-
tional modules) within an IC may not lend themselves to
being functional clusters, or to being subdivided into func-
tional clusters. That is to say, some functional units may
required components from all available electrical property
classes.

[0164] It will be apparent to persons skilled in the relevant
arts that the present system and method may still be employed
provided at least some of the functional units of an IC may be
designed as functional clusters, or may be subdivided into
functional clusters. That is to say, for those modules of an IC
which are functional clusters, power savings for the IC as a
whole is still achieved due to the capability of applying clus-
ter-specific voltages, clock frequencies, and other electrical
inputs or regulation.

(d) Combining Families of Solid State Devices on a Single IC

[0165] Inexemplary embodiments described above, exem-
plary ICs 200, 600, 700, and 800 have been illustrated as
being comprised exclusively transistors from the MOSFET
family of'solid state devices. As already discussed above, the
present system and method may be implemented with other
families of solid state components as well. In addition, the
present system and method may be implemented with hybrid
1Cs, that is, ICs which employ solid state devices from more
than one family of components, for example, MOSFETs and
BITs.

[0166] In one embodiment of the present system and
method, an IC design process may modularize an IC layout or
organization so that all MOSFETs receive power and timing
signals from one voltage source and one clock source, while
all BJTs receive power and timing signals from a separate
voltage source and clock source. By customizing voltages
and clocking separately for MOSFET modules and BJT mod-
ules, optimized power consumption (that is, minimized
power consumption) may be achieved for the IC.

[0167] In an alternative embodiment, additional power
reductions may be achieved by modularizing the MOSFETs
into functional clusters, as already described above, and simi-
larly by modularizing the BJTs into functional clusters.
[0168] Otherhybrid IC designs, with other families of solid
state components, may be envisioned as well.

(e) Electrical Property Classes and Ranges of Components

[0169] Inexemplary embodiments described above, exem-
plary ICs 200, 600, 700, and 800 have been illustrated as
being comprised exclusively of transistors from discrete elec-
trical property classes, for example MOSFETs characterized
as HVt, SVt, or LVt.

[0170] Persons skilled in the relevant arts will appreciate
that, in many cases, solid state components may be fabricated
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with a range of electrical properties, rather than just specific
classes. For example, in a MOSFET the size of a gate or the
composition of a gate, or both, can be controlled during the
fabrication process, and the choice of gate composition and
size determines in part the power consumption. Conse-
quently, it is possible to design a module (such as a functional
cluster) where the components have a range of critical voltage
levels or, additionally or alternatively, to design a module
where the components have a range of allowed maximum or
minimum clock speeds.

[0171] The present system and method may still be
employed to achieve power savings on an IC, provided the
solid state components in a functional cluster have critical
voltage levels, clock speeds, or other electrical parameters
which fall into a defined range, wherein the defined range is a
subset of the full possible range associated with the family of
solid state devices.

() Frequency Related Considerations

[0172] Typically, functional clusters which operate at
higher frequencies (as compared with functional clusters that
operate at lower frequencies) require transistors which can
handle higher currents, and also transistors which may have
preferred configurations in other respects. For example, tran-
sistors configured to operate at relatively high frequencies
may have a preferred ratio of gate width to gate length (that is,
a preferred W/L ratio) or a preferred doping level. In turn,
however, changing these design parameters for transistors
(for example, the W/L ratio or doping level) or simply
increasing the current through the transistor may result in
greater leakage currents. Consequently, and consistent with
the system and method described herein, it is desirable that
functional clusters with their own associated frequency con-
trol logic 505 also have their own associated substrate bias
voltage generator 405. In this way, a cluster-specific bias
voltage Vsb can be applied to minimize the leakage current
associated with the specific configuration of transistors in the
cluster. (See for example FIG. 7.)

(g) Oft-Chip Voltage Supplies and/or Oft-Chip Frequency
Control

[0173] In embodiments disclosed above (see for example
FIGS. 2-8 and associated text), both chip-wide and cluster-
specific voltage supplies have been illustrated as being on-
chip, that is, as elements which are part of exemplary ICs 200,
600, 700, 800. In alternative embodiments, some or all volt-
age supplies may be off-chip, that is, regulated voltages may
be supplied by voltage elements which are not part of IC 200,
600,700, 800. Such voltages may be received via IC pins (not
illustrated in figures above). In such embodiments, IC 200,
600, 700, 800 may still have on-chip voltage supply lines or
power buses configured to convey voltages from IC pins to
functional units 210 and functional clusters 215. IC 200, 600,
700, 800 may also have on-chip elements for routing exter-
nally supplied voltages to functional units 210 and functional
clusters 215, and elements for configuring voltage routing on
the IC.

[0174] In embodiments disclosed above (see for example
FIGS. 5 and 8 and associated text), both chip-wide and clus-
ter-specific oscillators 510 and frequency control logic 505
have been illustrated as being on-chip, that is, as elements
which are part of exemplary ICs 200, 600, 700, 800. In alter-
native embodiments, some or all oscillators 510 and/or fre-
quency control logic 505 may be off-chip, that is, clock sig-
nals and associated control logic may be supplied by
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oscillators and related elements which are not part of IC 200,
600, 700, 800. Such clock signals or other timing signals may
be received via IC pins (not illustrated in figures above). In
such embodiments, IC 200, 600, 700, 800 may still have
on-chip clock buses configured to accept clock signals or
other timing information from IC pins to functional units 210
and functional clusters 215. IC 200, 600, 700, 800 may also
have on-chip elements for routing externally supplied clock/
timing signals to functional units 210 and functional clusters
215, and elements for further configuring timing and/or
operational frequencies on the IC.

(h) Combining Functional Clusters in Multiple ICs and/or
Other Non-IC Functional Clusters.

[0175] In embodiments described above, functional clus-
ters configured with components having a shared, critical
voltage level and/or other common configuration param-
eters—that is, components of a common electrical property
class—have been disclosed as all being functional clusters of
a single integrated circuit. In alternative embodiments, mul-
tiple integrated circuits (that is, integrated circuits on com-
pletely separate dies or chips) may be configured with mod-
ules (functional clusters) of a common electrical property
class. That is, a first chip (for example, a first IC) may have a
functional cluster or clusters with components of only a given
electrical property class (for example, electrical property
class “X”, which may for example be transistors with an SVt
threshold voltage). A second IC may also have a functional
cluster or clusters with components of only electrical prop-
erty class “X” as well.

[0176] In this way, a common power supply, a common
clock, a common bias voltage generator, or other shared sup-
porting element(s) may be configured to power or support
functional clusters distributed among two or more integrated
circuits. The supporting elements(s) (power supply, clock,
etc.) may be on the first IC and connected to the second IC, or
may be on the second IC and connected to the first IC, or may
be off-chip from both ICs and connected to both ICs. Persons
skilled in the relevant arts will readily recognize that the same
system and method may be extended to functional clusters of
a common electrical property class or operational property
class distributed among three or more ICs.

[0177] In alternative embodiments, circuits which are not
part of integrated circuits, but rather are constructed from
discrete components (for example, discrete transistors, resis-
tors, capacitors, and other components on a printed circuit
board (PCB)) may also be configured into functional clusters.
As with the functional clusters on an IC, functional clusters
comprised of discrete components are characterized by com-
ponents of a common electrical property class or other prop-
erty class. Each such cluster may again receive power from, or
otherwise be driven by, supporting elements (a power supply,
clock, bias voltage generator, etc.) configured specifically to
support the discrete components of the common electrical
class of the cluster.

[0178] Inalternative embodiments, both functional clusters
on one or more ICs and functional clusters comprised of
discrete components may be part of a single electronic system
or device. Functional clusters, whether on an IC or comprised
of discrete components, which share components of a com-
mon electrical property class may be supported by a common
power supply, clock, bias voltage generator, or similar driving
or supporting elements.

(1) Redundant Functional Clusters

[0179] In embodiments disclosed above, it has been indi-
cated that a first functional cluster (of two or more functional
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clusters) may have a same functionality, a similar function-
ality, or a different functionality ofa second functional cluster
of the two or more functional clusters. In some embodiments
of the present system and method, two or more functional
clusters may be specifically configured to provide a same
function or substantially similar functionality, but with dif-
ferent performance parameters and with correspondingly dif-
ferent power requirements.

[0180] For example, a microprocessor may be configured
with a first memory system (such as a cache memory) and a
second memory system (such as a second level cache), but
with the first cache memory configured for a higher speed of
data storage and data retrieval than the second level cache
memory. The higher speed memory will, typically, require
higher power. The microprocessor may determine when a
current application requires higher speed memory access, and
employ the higher speed cache for that purpose. The micro-
processor may also determine when a current application may
meet its performance requirements with lower speed data
access, and so may switch memory operations to the lower
speed, lower power cache. A similar example may be a micro-
processor configured with two (or more) redundant arith-
metic units, the first configured for higher speed, higher
power calculations, and the second configured for lower
speed, lower power calculations. The appropriate arithmetic
unit (higher speed or lower speed) may be called into play as
application requirements demand or permit, respectively.

12. Conclusion

[0181] As will be appreciated by persons skilled in the
relevant art(s), the system(s) and method(s) described here
represent only one possible embodiment of the present inven-
tion. Many of the elements described herein could, in alter-
native embodiments of the present invention, be configured
differently within the scope and spirit of the present inven-
tion. In addition, additional elements, or a different organiza-
tion of the various elements, could still implement the overall
effectand intent of the present system and method. Therefore,
the scope of the present invention is not limited by the above
disclosure and detailed embodiments described therein, but
rather is determined by the scope of the appended claims.

What is claimed is:

1. An integrated circuit (IC) comprising:

a plurality of functional clusters, wherein each functional

cluster has a respective critical voltage level; and

one or more voltage supply elements configured to supply

each functional cluster with a respective regulated volt-
age;

wherein each respective regulated voltage determines a

respective operational state of a corresponding func-
tional cluster of the plurality of functional clusters based
on a level of the respective regulated voltage in relation
to the respective critical voltage level of the functional
cluster.

2. The IC of claim 1, wherein the functional cluster com-
prises a plurality of electrical components that substantially
share the respective critical voltage level of the functional
cluster.

3. The IC of claim 2, wherein the plurality of electrical
components comprises a plurality of transistors.

4. The IC of claim 3, wherein the respective critical voltage
level is a respective threshold voltage of the transistors.
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5. The IC of claim 4, wherein:

a respective regulated voltage equal to or above the respec-
tive supply threshold voltage of the transistors is deliv-
ered to the transistors to set an on-state of the functional
cluster; and

wherein a respective regulated voltage less than the respec-
tive supply threshold voltage of the transistors is deliv-
ered to the transistors to set an off-state of the functional
cluster.

6. The IC of claim 3, wherein the respective critical voltage
level is a respective substrate bias voltage of the plurality of
transistors.

7. The IC of claim 6, wherein a power consumption of the
respective functional cluster is minimized by setting the
respective substrate bias voltage to a value which minimizes
a leakage current of the respective functional cluster.

8. The IC of claim 1, wherein at least a first respective
critical voltage level of a first functional cluster is different
from a second respective critical voltage level of a second
functional cluster.

9. The IC of claim 1 wherein the respective operational
state is at least one of an on-state, an on state with a reduced
power consumption, an on-state with a minimal power con-
sumption, an off-state, or a frequency of operation of the
respective functional cluster.

10. The IC of claim 9, wherein the on-state is determined
by at least one of:

the respective regulated voltage being equal to the respec-
tive critical voltage level; or

the respective regulated voltage being greater than the
respective critical voltage level.

11. The IC of claim 1, wherein the respective critical volt-
age level is a minimum voltage level consistent with main-
taining a selected operational frequency of the respective
functional cluster.

12. The IC of claim 11, wherein the respective functional
cluster is configured so that increasing the respective regu-
lated voltage increases a maximum obtainable frequency of
operation of the respective functional cluster.

13. The IC of claim 1, further comprising one or more
frequency control elements, wherein one or more functional
clusters of the plurality of functional clusters have one or
more respective frequency control elements.

14. The IC of claim 13, wherein the IC is configured to
reduced power consumption by the one or more functional
clusters by using the respective one or more frequency control
elements to reduce a respective frequency of operation of the
one or more functional clusters.

15. The IC of claim 1, further comprising a control element
configured to minimize a power consumption of the IC by at
least one of:

determining the regulated voltage supplied to the func-
tional cluster; or

determining the substrate bias voltage to the functional
cluster, or

determining a frequency of operation of the functional
cluster.

16. The IC of claim 15, wherein the control element com-
prises control logic configured to dynamically minimize the
power consumption of the IC in response to at least one of an
operational requirement of the IC, an operational condition of
the IC, or an operational environment of the IC.

17. The IC of claim 1, wherein a functional cluster com-
prises at least one of a general purpose processor, a micro-
processor, a mathematical processor, an arithmetic/logic unit,
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a state machine, a digital signal processor, a video processor,
an audio processor, a logic unit, a logic element, a multi-
plexer, a demultiplexer, a switching unit, a switching element,
an input/output (I/0) element, a peripheral controller, a bus, a
bus control, a register, a combinatorial logic element, a pro-
grammable logic device, a memory unit, a neural network, a
sensing circuit, a control circuit, a digital to analog converter,
a gate, a plurality of gates, an analog to digital converter, an
oscillator, a memory, a filter, an amplifier, a mixer, a modu-
lator, or a demodulator.

18. The IC of claim 1 wherein the plurality of functional
clusters comprises a first functional cluster and a second
functional cluster, and wherein:

the second functional cluster is configured to provide a

functionality which is at least partially redundant with a
functionality of the first functional cluster, and

the second functional cluster is configured to provide the

redundant functionality at a lower power consumption
than the first functional cluster.
19. The IC of claim 1, wherein a voltage supply element of
the one or more voltage supply elements comprises an on-
chip power supply.
20. The IC of claim 19, wherein at least two functional
clusters of the plurality of functional clusters are configured
to share a common on-chip power supply.
21. The IC of claim 1, wherein a voltage supply element of
the one or more voltage supply elements comprises a bus for
delivering voltage from an off-chip power supply.
22. The IC of claim 1, further comprising a plurality of
voltage supply elements, wherein at least two functional clus-
ters of the plurality of functional clusters are supplied with
respective regulated voltages from different respective volt-
age supply elements.
23. A method for designing an integrated circuit (IC) for
reduced power consumption, comprising:
determining a required functional cluster of the IC;
determining that the functional cluster can be implemented
with a plurality of electrical components sharing a sub-
stantially same critical voltage level; and

implementing the functional cluster with the plurality of
electrical components sharing the substantially same
critical voltage level.

24. The method of claim 23, further comprising:

for a functional cluster which cannot be implemented with

a plurality of electrical components sharing a substan-
tially same critical voltage level, evaluating whether the
functional cluster can be subdivided into a plurality of
functional subunits, wherein at least one of the func-
tional subunits can be implemented with a second plu-
rality of electrical components sharing a second substan-
tially same critical voltage level.
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25. The method of claim 24, further comprising:

implementing the functional subunit as a functional cluster

with the second plurality of electrical components shar-
ing the second substantially same critical voltage level.
26. The method of claim 23, further comprising:
for each functional cluster of the IC repeating the step of
determining that the functional cluster can be imple-
mented with a plurality of electrical components sharing
a substantially same critical voltage level; and

repeating the implementation step for each functional clus-
ter which can be implemented with the plurality of elec-
trical components sharing the substantially same critical
voltage level.

27. The method of claim 23, further comprising imple-
menting a voltage supply for the functional cluster which can
be implemented with the plurality of electrical components
sharing the substantially same critical voltage level, wherein
the voltage supply is configured to deliver a minimum voltage
necessary to meet the critical voltage level of the functional
cluster.

28. The method of claim 23, further comprising imple-
menting a clock for the functional cluster which can be imple-
mented with the plurality of electrical components sharing
the substantially same critical voltage level, wherein the clock
is configured to deliver a frequency which minimizes a power
requirement of the functional cluster.

29. In an integrated circuit (IC) configured with a plurality
of functional clusters, wherein each functional cluster com-
prises a plurality of electrical components sharing a substan-
tially same critical voltage level, a method for minimizing
power consumption of the IC, comprising:

determining a real-time functional requirement of the IC;

determining a functional cluster required to support the

real-time functional requirement;

delivering to the functional cluster a minimum voltage

which may be delivered to the functional cluster to meet
a critical voltage requirement of the functional cluster.

30. The method of claim 29, further comprising determin-
ing a minimum clock frequency which may be delivered to
the functional cluster to support the real-time functional
requirement.

31. The method of claim 29, further comprising turning off
a power to a functional cluster which is not required to meet
the real-time functional requirement.

32. The method of claim 29, further comprising adjusting a
substrate bias voltage of a plurality of transistors of the func-
tional cluster to minimize a leakage current.

33. The method of claim 29, wherein the critical voltage
requirement is a threshold voltage of a plurality of transistors
of the functional cluster, and the minimum voltage is a mini-
mum supply voltage necessary to meet the threshold voltage.

sk sk sk sk sk





