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ACTIVE COOLING TO REDUCE LEAKAGE
POWER

FIELD

The present invention relates generally to integrated
circuits, and more specifically to the reduction of leakage
power in integrated circuits.

BACKGROUND OF THE INVENTION

Transistors within integrated circuits are becoming
smaller. Each new generation of integrated circuits includes
an ever increasing number of these smaller transistors. As
transistors become smaller, the “leakage current” through
the transistors becomes larger.

Leakage current is current that conducts through a tran-
sistor even when the transistor is supposed to be off. In most
circuit configurations, leakage current is undesirable
because it consumes power without producing useful work.
Modern integrated circuits are experiencing larger leakage
currents as a percentage of total current consumption
because of the greater number of transistors, with each
transistor having a larger leakage current.

Circuit techniques have been devised in attempts to
reduce leakage currents. FIGS. 1A and 1B show the addition
of a “sleep transistor” designed to reduce leakage current.
FIG. 1A shows leakage current flowing from power supply
node 102, through the transistors within circuit block 104 to
reference node 106. FIG. 1A represents a circuit with large
leakage currents. FIG. 1B shows sleep transistor 110 in
series with the leakage current path. The sleep transistor is
typically a transistor with a large threshold voltage. Turning
off sleep transistor 110 when circuit block 104 is not active
reduces the leakage current.

Circuit techniques can be effective to reduce leakage
current, but typically require additional area on the inte-
grated circuit die. For example, as shown in FIG. 1B, sleep
transistor 110 is an addition to the circuit. For large inte-
grated circuits, many such sleep transistors can be added
resulting in considerable additional consumption of inte-
grated circuit die area.

For the reasons stated above, and for other reasons stated
below which will become apparent to those skilled in the art
upon reading and understanding the present specification,
there is a need in the art for an alternate method and
apparatus to reduce leakage current in integrated circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B show prior art circuits;

FIG. 2 shows a graph of relative leakage power versus
temperature;

FIG. 3 shows a system to reduce leakage power consump-
tion in an integrated circuit;

FIG. 4 shows a graph of die temperature as a function of
relative active cooling power;

FIG. 5§ shows another system to reduce leakage power
consumption in an integrated circuit;

FIG. 6 shows a system to reduce leakage power consump-
tion in a processor;

FIG. 7 shows a graph of characterization data for use in
conjunction with the system of FIG. 6;

FIG. 8 shows another system to reduce leakage power
consumption in a processor; and

FIG. 9 shows a flowchart of a method for reducing
leakage power consumption in an integrated circuit.
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2
DESCRIPTION OF EMBODIMENTS

In the following detailed description of the embodiments,
reference is made to the accompanying drawings that show,
by way of illustration, specific embodiments in which the
invention may be practiced. In the drawings, like numerals
describe substantially similar components throughout the
several views. These embodiments are described in suffi-
cient detail to enable those skilled in the art to practice the
invention. Other embodiments may be utilized and
structural, logical, and electrical changes may be made
without departing from the scope of the present invention.
Moreover, it is to be understood that the various embodi-
ments of the invention, although different, are not necessar-
ily mutually exclusive. For example, a particular feature,
structure, or characteristic described in one embodiment
may be included within other embodiments. The following
detailed description is, therefore, not to be taken in a limiting
sense, and the scope of the present invention is defined only
by the appended claims, along with the full scope of
equivalents to which such claims are entitled.

The method and apparatus of the present invention pro-
vide a mechanism to reduce leakage power in an integrated
circuit by cooling the integrated circuit. Methods and appa-
ratus are provided to measure total power in the integrated
circuit and conditionally apply power to a cooling system to
cool the integrated circuit. In some embodiments, decisions
to cool the integrated circuit are made solely as a function of
the total power consumption. In other embodiments, leakage
power consumption is estimated as a difference between
total power consumption and a nominal expected power, and
the decision to cool the integrated circuit is a function of the
estimated leakage power.

FIG. 2 shows a graph of relative leakage power versus
temperature. Graph 200 illustrates how leakage power in an
integrated circuit increases exponentially as a function of
temperature. For example, the increase in leakage power due
to a die temperature rising from 60 degrees C. to 80 degrees
C. is smaller than the increase in leakage power when the die
temperature rises from 80 degrees C. to 100 degrees C. As
can be seen from FIG. 2, elevated die temperatures contrib-
ute heavily to increased leakage power consumption in
integrated circuits.

FIG. 3 shows a system to reduce leakage power consump-
tion in an integrated circuit. System 300 includes integrated
circuit (IC) 302, integrated circuit cooling system 304,
processor 306, memory 308, analog-to-digital converter
(A/D) 310, and resistor 312. IC 302 is an integrated circuit
with many small geometry transistors that consume leakage
current (and therefore leakage power). Integrated circuit
cooling system 304 provides cooling to IC 302 to reduce
leakage power. Integrated circuit cooling system includes a
control input node 340 coupled to node 307, which provides
control information from processor 306.

Resistor 312 and A/D 310 form a power measuring
device. The output of A/D 310 represents the total current
consumed, which is proportional to power. Any type of
power measuring device can be used without departing from
the scope of the present invention. In addition, resistor 312,
A/D 310, processor 306, and memory 308 form a feedback
loop that measures total power consumption by IC 302, and
directs cooling of IC 302 by integrated circuit cooling
system 304. In some embodiments, the feedback loop mea-
sures instantaneous power consumption and directs cooling
as a function of the instantaneous power consumption. In
other embodiments, processor 306 computes the total energy
consumed over a period of time and directs cooling as a



US 6,809,538 B1

3

function of the total energy consumption. This can be useful
to reduce energy consumption due to leakage, and to
increase battery life of portable products.

In operation, IC 302 consumes current that conducts from
power supply node 317 (Vcc) to reference node 315. This
current passes through resistor 312. The current passing
through resistor 312 generates a voltage which is input to
A/D 310. A/D 310 digitizes the voltage and generates a
digital word on node 311 that represents the current, and
therefore the power, consumed by IC 302. Processor 306
reads the digital word that represents the power consumption
by the integrated circuit, and then conditionally commands
cooling system 304 to expend power to cool IC 302. As
shown in FIG. 2, cooling the integrated circuit reduces
leakage power. If the amount of leakage power savings as a
result of cooling IC 302 exceeds the amount of power
expended in integrated circuit cooling system 304, then the
operation of system 300 results in an overall power savings.

A/D 310 is shown driving “n” physical data lines repre-
sented by node 311. One skilled in the art will appreciate that
any number of data lines can be output from A/D 310
without departing from the scope of the present invention.

Processor 306 can be any type of processor capable of
communicating with memory 308, A/D 310, and integrated
circuit cooling system 304. Examples include, but are not
limited to, a microprocessor, a digital signal processor, a
graphics controller, and a microcontroller. Memory 308 can
be any type of article having a computer readable medium,
such as a floppy disk, a hard disk, a random access memory
(RAM), a read only memory (ROM), or a compact disc
ROM (CD-ROM). In some embodiments, processor 306
reads instructions from memory 308 to perform methods of
the present invention. For example, processor 306 can read
instructions from memory 308 to determine how much
power to expend in cooling system 304. Various method
embodiments of the present invention are discussed in more
detail below.

System 300 is shown having separate nodes 311, 309, and
307 used for communication between processor 306 and
A/D 310, memory 308, and cooling system 304, respec-
tively. In some embodiments, processor 306 includes an
input port dedicated to the reception of information from
A/D 310, and an output port dedicated to communication
with cooling system 304. In other embodiments, A/D 310,
cooling system 304, and memory 308 are memory-mapped
peripherals, and nodes 311, 309, and 307 are schematic
representations of a common bus.

Cooling system 304 is an “active” cooling system that
cools IC 302 when power is applied thereto. For example, a
heat sink and fan in combination form an active cooling
system, whereas a heat sink alone is passive. Other types of
active cooling systems are used in various embodiments of
the present invention. Some embodiments use thermoelec-
tric cooling devices such as coolers that employ the Peltier-
effect, where current flowing through dissimilar metals
creates a temperature differential across the metallic junc-
tion. Other embodiments use vapor phase cooling devices
such as refrigeration devices or heat pumps. The method and
apparatus of the present invention are not limited by the type
of active cooling system employed: any type of active
cooling system can be employed without departing from the
scope of the present invention.

In some embodiments, power consumption by IC 302
under various conditions is characterized during
manufacture, test, or when system 300 is built or tested. This
characterization results in information describing nominal
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expected power consumption under different conditions, and
this information can be advantageously utilized by processor
306 during operation of system 300. For example, when
processor 306 has access to nominal expected power con-
sumption data for IC 302, processor 306 can determine the
amount of power being expended beyond the nominal
expected power consumption. The characterization can be
performed as a function of any variable. For example,
expected power can be determined as a function of die
temperature, operating speed, data load, or other operating
condition. Processor 306 can utilize all of this information in
determining whether to activate cooling system 304 to
reduce leakage power.

FIG. 4 shows a graph of die temperature as a function of
relative active cooling power. The active cooling power
referred to in graph 400 represents the power expended in an
active cooling system such as integrated circuit cooling
system 304 (FIG. 3). The die temperature in graph 400
represents the temperature of the integrated circuit die being
cooled. Graph 400, like graph 200 (FIG. 2), is not linear.
Graph 400 shows that a greater incremental decrease in die
temperature can be achieved at a lower relative cooling
power. For example, as shown in FIG. 4, it takes approxi-
mately 1.5 times as much active cooling power to cool the
die 20 degrees from 80 degrees C. to 60 degrees C. than to
cool the die 20 degrees from 100 degrees C. to 80 degrees
C.

The active cooling power in graph 400 is shown as
relative because the actual power needed to cool an inte-
grated circuit die is a function of the integrated circuit. For
example, for large integrated circuits with many small
geometry transistors, each unit of relative active cooling
power in graph 400 may represent many watts of power. In
contrast, for very small integrated circuits, each unit of
relative active cooling power may represent a fraction of one
watt of power.

The combination of graphs 400 and 200 (FIG. 2) show
that relatively small relative increases in active cooling
power can produce pronounced reductions in relative leak-
age power. Referring now back to FIG. 3, processor 306 can
take advantage of this phenomenon by increasing the active
cooling power expended in integrated circuit cooling system
304. When the active cooling power expended in the cooling
system is less than the leakage power saved in the integrated
circuit, an overall power savings is achieved.

FIG. 5 shows another system to reduce leakage power
consumption in an integrated circuit. System 500, like
system 300 (FIG. 3), includes A/D 310, processor 306,
memory 308, IC 302, and cooling system 304. In contrast to
system 300, system 500 includes DC—DC converter 502,
resistor 504, and capacitor 506. DC—DC (Direct Current—
Direct Current) converter 502 converts a DC power supply
voltage on node 317 (Vcc) to a different power supply
voltage on node 503 to supply IC 302. DC—DC 502
converter also outputs a signal on node 505.

The signal on node 505 gives an indication of current
output, or “current draw,” from DC—DC converter 502 on
node 503. In some embodiments, the signal on node 505 is
a sawtooth waveform that is a result of a switching element
within DC—DC converter 502. In other embodiments, the
signal on node 505 is a pulse code modulated (PCM) signal
that has a duty cycle that is proportional to current output on
node 503. In general, any signal format that gives an
indication of current output on node 503 can be utilized
without departing from the scope of the present invention.

Resistor 504 and capacitor 506 form a low-pass filter that
converts the signal on node 505 to a form suitable for input
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to A/D 310. A/D 310 digitizes the voltage value output from
the low-pass filter, and the remaining portions of system 500
function in a similar fashion to system 300 (FIG. 3). Pro-
cessor 306 receives from A/D 310 an indication of total
power consumed in IC 302 and, as a function of total power
consumption alone or total power consumption combined
with nominal expected power consumption, commands
cooling system 304 to expend power to cool IC 302. In some
embodiments, total energy consumption is computed from
the total power consumption over time, and processor 306
commands cooling system 304 to expend power as a func-
tion of the total energy consumption.

FIG. 6 shows a system to reduce leakage power consump-
tion in a processor. System 600 includes processor 604,
memory 602, cooling system 608, A/D 606, and resistor 610.
The total power consumption of processor 604 is determined
by the combination of resistor 610, A/D 606, and processor
604. This operation of determining total power consumption
in system 600 is similar to system 300 (FIG. 3), except that
the IC consuming the power and the IC performing the
calculations are one and the same.

Processor 604 communicates with memory 602 on node
603, A/D 606 on node 607, and cooling system 608 on node
605. Each of these nodes can be separate as schematically
shown in the figure, or can be part of a bus structure.

In operation, processor 604 receives the indication of total
power consumption on node 607, and conditionally com-
mands cooling system 608 to expend power in cooling
processor 604. Processor 604 can utilize the total power
consumption information alone to command cooling system
608 to expend power, or can utilize the total power con-
sumption information in combination with other information
to command cooling system 608 to expend power.

For example, in some embodiments, processor 604 com-
pares total power consumption to a threshold power level,
and commands cooling system 608 to turn on when the
threshold is exceeded. In other embodiments, multiple
thresholds exist, and processor 604 commands cooling sys-
tem 608 to expend a variable amount of power as a function
of the number of thresholds exceeded.

Also for example, in other embodiments, processor 604
maintains nominal expected power consumption
information, and conditionally commands cooling system
608 to expend power as a function of both total power
consumption and nominal expected power consumption.
Further, in some embodiments, total energy consumption is
computed, and cooling system 608 is commanded to expend
power as a function of the total energy consumption.

FIG. 7 shows a graph of characterization data for use in
conjunction with the system of FIG. 6. Graph 700 shows
nominal expected power as a function of the current execu-
tion state of the processor. The execution state of the
processor can be any state information that affects the power
consumption of the processor. For example; the execution
state can be the frequency of operation, a software emulation
mode, a protected mode of operation versus an application
level mode of operation, or the like. For simplicity, graph
700 is shown with nominal expected power as a function of
a single variable: percent software load. In some
embodiments, other single variables are used as the depen-
dent variable, and in other embodiments, multiple variables
are used, resulting in a multi-dimensional graph. In general,
any state information can be utilized in graph 700 without
departing from the scope of the present invention.

The information presented in FIG. 7 is shown in graph
form. In some embodiments, the information in graph 700 is
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maintained in table form in memory !that is accessible to a
processor. For example, referring now back to FIG. 6, the
table can be maintained in memory 602. When processor
604 receives total power consumption information on node
607, processor 604 can retrieve nominal expected power
information from memory 602, and estimate leakage power
as the difference. Processor 604 can then conditionally
command cooling system 608. In some embodiments, pro-
cessor 604 commands cooling system 608 to turn on when
the estimated leakage power exceeds a threshold. In other
embodiments, processor 604 maintains multiple thresholds
to which the estimated leakage power is compared, and then
commands cooling system 608 to expend a variable amount
of power as a function of the number of thresholds exceeded.
In still other embodiments, processor 604 maintains data
tables that represent the data shown in FIGS. 2, 4, and 6, and
determines an appropriate amount of power to be expended
in cooling system 608 based on an estimate of leakage power
savings.

FIG. 8 shows another system to reduce leakage power
consumption in a processor. System 800, like system 600
(FIG. 6), includes A/D 606, processor 604, memory 602, and
cooling system 608. In contrast to system 600, system 800
includes DC—DC converter 802, resistor 804, and capacitor
806. DC—DC converter 802 converts a DC power supply
voltage on node 317 (Vcc) to a different power supply
voltage on node 803 to supply processor 604. DC—DC
converter 802 also outputs a signal on node 805.

The signal on node 805 gives an indication of current
output, or “current draw,” from DC—DC converter 802 on
node 803. In some embodiments, the signal on node 805 is
a sawtooth waveform that is a result of a switching element
within DC—DC converter 802. In other embodiments, the
signal on node 805 is a pulse code modulated (PCM) signal
that has a duty cycle that is proportional to current output on
node 803. In general, any signal format that gives an
indication of current output on node 803 can be utilized
without departing from the scope of the present invention.

Resistor 804 and capacitor 806 form a low-pass filter that
converts the signal on node 805 to a form suitable for input
to A/D 606. A/D 606 digitizes the voltage value output from
the low-pass filter, and the remaining portions of system 800
function in a similar fashion to system 600 (FIG. 6). Pro-
cessor 604 receives from A/D 606 an indication of total
power consumed in processor 604 and, as a function of total
power consumption alone or total power consumption com-
bined with nominal expected power consumption, com-
mands cooling system 608 to expend power to cool proces-
sor 604.

Systems represented by the various foregoing figures can
be of any type. Examples of represented systems include
computers (e.g., desktops, laptops, handhelds, servers, Web
appliances, routers, etc.), wireless communications devices
(e.g., cellular phones, cordless phones, pagers, personal
digital assistants, etc.), computer-related peripherals (e.g.,
printers, scanners, monitors, etc.), entertainment devices
(e.g., televisions, radios, stereos, tape and compact disc
players, video cassette recorders, camcorders, digital
cameras, MP3 (Motion Picture Experts Group, Audio Layer
3) players, video games, watches, etc.), and the like.

FIG. 9 shows a flowchart of a method for reducing
leakage power consumption in an integrated circuit. Method
900 begins at 910 when a first digital value is read. The first
digital value represents total power consumption in an
integrated circuit. In some embodiments, 910 represents a
processor such as processor 306 (FIGS. 3 and 5) reading a
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digital value from an A/D converter. This first digital value
can represent total current as in FIGS. 3 and 5, or can
represent actual power. When the first digital value repre-
sents total current, the processor can multiply the total
current and the operating voltage of the integrated circuit to
arrive at the total power.

As described above, in some embodiments, method 900 is
performed by a processor. In some of these embodiments,
the integrated circuit referenced in block 910 is separate
from the processor. This corresponds to embodiments rep-
resented by FIGS. 3 and 5. In other embodiments, the
integrated circuit referenced in block 910 is also the pro-
cessor that performs the method. This corresponds to
embodiments represented by FIGS. 6 and 8, in which
processor 604 can perform method 900. In these
embodiments, processor 604 reads a first digital value on
node 607 that represents the total power consumed in
processor 604. The remaining description of method 900
refers to all of the embodiments described herein, and is not
limited by whether or not the measured power is consumed
by the processor that performs the method.

At 920, a determination is made whether the total power
consumption is above a threshold. In some embodiments, no
further action is taken if the total power consumption is
below the threshold. This can be useful in part because the
potential power savings may be slight when the total power
consumption is below the threshold.

At 930, a nominal expected power level is looked up in a
table as a function of a current execution state of the
integrated circuit. The current execution state can be any
state information that affects nominal expected power. For
example, in some embodiments, the current execution state
includes the percent software load as shown in FIG. 7. In
some embodiments, the current execution state includes
information describing frequency of operation. Also in some
embodiments, the current execution state can include infor-
mation regarding environmental conditions such as ambient
temperature and die temperature.

“Expected power” describes the amount of power
expected to be consumed in an integrated circuit. Many
integrated circuits have normal variations of expected power
based on manufacturing variations. “Nominal expected
power” describes a nominal value for expected power con-
sumption given the normal variations found across large
quantities of integrated circuits.

At 940, the total power consumption is compared against
the nominal expected power level, and at 950, leakage
power is estimated as the difference between the total power
consumption and the nominal expected power level. This
leakage power estimate can be utilized to determine whether
power should be expended in a cooling device. In general,
the processor performing method 900 also has access to
information regarding how much power can be saved by
cooling the integrated circuit, and how much power should
be expended in a cooling system to cool the integrated
circuit. Using all of the available information, the processor
performing method 900 endeavors to effect an overall power
savings.

In some embodiments of method 900, actions described
with respect to blocks 930, 940 and 950 are not performed.
In these embodiments, decisions to cool the integrated
circuit are made as a function of total power (see block 920),
and not as a function of estimated leakage power. In other
embodiments, actions described with respect to block 920
are not performed. In these embodiments, decisions to cool
the integrated circuit are made as a function of estimated
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leakage power and not as a function of total power. In still
further embodiments, both total power and estimated leak-
age power are considered when making decisions regarding
expending energy in a cooling system. Also, in some
embodiments, total energy consumption is computed from
the total power consumption over time, and decisions to cool
the integrated circuit are made as a function of the total
energy consumed.

At 960, a second digital value is conditionally written to
influence a cooling system operable to cool the integrated
circuit. For example, in one condition (total power below the
threshold) the second digital value may not be written,
thereby not influencing the cooling system. In other condi-
tions (total power is above the threshold or leakage power is
above a threshold), the second digital value may be written,
thereby influencing the cooling system. The second digital
value can be a single bit of information that turns on or off
the cooling system, or can be a multi-bit word that turns on
or off the cooling system to a varying degree. Referring now
back to FIGS. 3 and 5, the second digital value is written to
node 307 by processor 306. In embodiments represented by
FIGS. 6 and 8, the second digital value is written to node 605
by processor 604.

At 970, the second digital value is written when the total
power consumption is above a threshold. As stated above, in
some embodiments, the second digital value is conditionally
written only as a function of the total power level. In other
embodiments, the second digital value is conditionally writ-
ten as a function of total power level as well as a function
of estimated leakage power. Block 970 describes all of these
embodiments.

At 980, power is applied to the cooling system in quan-
tities sufficient to cool the integrated circuit enough to
reduce leakage power. As stated above, the processor per-
forming method 900 can have access to information repre-
sented by graphs 200, 400, and 700, shown in FIGS. 2, 4,
and 7, respectively. Method 900 contemplates combining the
necessary information to ascertain the quantity of active
cooling power useful to reduce leakage power.

At 990, power is increasingly applied to the cooling
system until the reduced power attributable to leakage power
is greater than the power expended in the cooling system.
Utilizing information described in the previous paragraph,
the processor performing method 900 can determine how
much leakage power can be saved by cooling the integrated
circuit. In addition, the processor can determine whether an
overall power savings can be achieved, and the amount of
power to be expended in the cooling system to achieve that
result.

The actions of the various method embodiments of the
present invention can be performed in any order without
departing from the scope of the present invention. Further,
in some embodiments, not all of the listed actions are
performed. For example, in some embodiments actions
described in blocks 920 and 970 are omitted, and in other
embodiments, actions described in blocks 930, 940, and 950
are omitted.

It is to be understood that the above description is
intended to be illustrative, and not restrictive. Many other
embodiments will be apparent to those of skill in the art
upon reading and understanding the above description. The
scope of the invention should, therefore, be determined with
reference to the appended claims, along with the full scope
of equivalents to which such claims are entitled.
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What is claimed is:
1. An electronic system, comprising:

a power measuring circuit to measure power consumed in
an integrated circuit;

an electronically controllable cooling system, operable to
cool the integrated circuit by expending power;

a cooling system control circuit, the cooling system
control circuit operable to compare a cooling system
power expenditure requirement to cool the integrated
circuit to a lower temperature with a power saved by
operating the integrated circuit at the lower
temperature, and further operable to selectively cool
the integrated circuit to the lower temperature if the
power saved by operating the integrated circuit at the
lower temperature is equal to or exceeds the power
expenditure required to cool the integrated circuit to the
lower temperature.

2. The electronic apparatus of claim 1, wherein the
cooling system comprises at least one of a fan, a Peltier
effect device, or a vapor phase cooling device.

3. The electronic apparatus of claim 1, wherein the power
saved by operating the integrated circuit at lower tempera-
ture is determined by evaluating a leakage current of the
integrated circuit.

4. The electronic apparatus of claim 1, wherein the power
saved by operating the integrated circuit at lower tempera-
ture is determined by use of a history table.

5. The electronic apparatus of claim 1, wherein the
integrated circuit comprises a processor, and wherein the
power saved is determined for a particular operating state of
the processor.
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6. A method of operating an integrated circuit cooling
system, comprising:
evaluating power consumed in an integrated circuit;

comparing a power expenditure requirement for an active
cooling system to cool the integrated circuit to a lower
temperature with a power saved by operating the inte-
grated circuit at the lower temperature; and

selectively cooling the integrated circuit to the lower
temperature via the active cooling system if the power
saved by operating the integrated circuit at the lower
temperature is equal to or exceeds the power expendi-
ture required to cool the integrated circuit to the lower
temperature.

7. The method of claim 6, wherein the cooling the
integrated circuit via the active cooling system comprises
operating at least one of a fan, a Peltier effect device, or a
vapor phase cooling device.

8. The method of claim 6, wherein the power saved by
operating the integrated circuit at lower temperature is
determined by evaluating a leakage current of the integrated
circuit.

9. The method of claim 6, wherein the power saved by
operating the integrated circuit at lower temperature is
determined by use of a history table.

10. The method of claim 6, wherein the integrated circuit
comprises a processor, and wherein the power saved is
determined for a particular operating state of the processor.
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