
;e3eUPPQRFRT6TTUXcE A METHOD AND APPRATUS FOR MANAGING POWER CONSUMPTION IN
A COMPUTER SYSTEM  The present invention relates to computer systems and
more particularly to limiting the power consumed in a computer system by
throttling the power consumed by an integrated circuit in response to a
high power condition.  BACKGROUND Computer systems from small handheld
electronic devices to medium- sized mobile and desktop systems to large
serves and workstations, are becoming increasingly pervasive in our
society. Computer systems typically include one or more processors. A
processor manipulates and controls the flow of data in a computer by
executing instructions. To provide ,more powerful computer systems for
consumers, process designers strive to continually increase the operating
speed of the process. Unfortunately, as processor speed increases, the
power consumed by the processor tends to increase by well. Historically,
the power consumed by the processor has been limited by two factors. First,
as power consumption increases, the process tends to run hotter, leading to
thermal dissipation problem. Second, as power consumption increases, the
battery life of mobile computer systems decreases, leading to less
attractive systems for consumers.  Processor and computer system designers
have developed numerous methods to deal with these issues. For example,
processor designers implement specialized circuit design techniques that
reduce power consumption. In addition, modern computer systems are designed
to shut down portions of the system that are not needed during a particular
period of time. Both of these techniques conserve power and help extend
battery life.  To address the thermal issue, elaborate thermal dissipation
systems are often affixed to the processor to help dissipate the heat from
the processor to the ambient environment. Some processor packages include a
thermal              



2 3 APR 2003 , WO 00/3966l PCT/US99/28047 sensor to monitor the temperature
of the processor. If the processor temperature exceeds a particular
threshold, the processor is placed into low power mode until it coots off.
If these precautions are not taken, the processor may destroy itself by its
own heat. SUMMARY OF THE INVENTION A method and apparatus are described for
managing the power consumed in a computer system. In accordance with one
embodiment of the present invention, a measurement is taken of an
electrical parameter that is approximately proportional to the power
consumed by at least a portion of a computer system. This measurement is
then used to determine if the power consumed by the portion of the computer
system has reached a threshold. Other features and advantages of the
present invention will be apparent from the accompanying drawings and the
detailed description that follows. BRIEF DESCRIPTION OF THE DRAWINGS The
present invention is illustrated by way of example and not limitation in
the accompanying figures in which like references indicate similar elements
and in which: Figure 1 is a computer system formed in accordance with an
embodiment of the present invention; Figure 1A is a switching regulator in
a power supply of Figure 1; Figure 2A is a graph showing total power
consumption versus time for an embodiment of the present invention; Figure
2B is a graph showing total power consumption versus time for an alternate
embodiment of the present invention; Figure 3 is a computer system
including a processor formed in accordance with an embodiment of the
present invention; Figure 4 is a flow chart showing a method of reducing
power consumption of a processor in accordance with an embodiment of the
present invention; -2   2 3 APR 2003 WO 00I39661 PCT/US99/28047 Figure 5 is
a flow chart showing the method of Figure 4 in a first embodiment of the
present invention; Figure 6 is a flow chart showing the method of Figure 4
in a second embodiment of the present invention; and Figure 7 is a flow
chart showing the method of Figure 4 in a third embodiment of the present
invention. DETAILED DESCRIPTION Computer system power consumption is now
rapidly approaching the point at which the power required to operate the
system can no longer be reliably supplied to the system. This is primarily
due to the fact that one or more processors contained in a system plugged
into a power outlet may consume more power during an overactive period than
the power outlet can deliver. Under this situation) the fuse or circuit
breaker that protects the power outlet can be tripped (or blown) during
normal operation of the system. In accordance with an embodiment of the
present invention, the power consumed by at least a portion of a computer
system is monitored by measuring a parameter that is approximately
proportional to the consumed power) such as voltage, current, or the duty
cycle of a switching signal in a power supply. These measurements are
provided to a power controller. The portion of the computer system that is
monitored may include one or more processors of the computer system in
addition to other integrated circuits (ICs) that consume a significant
amount of power such as, for example, the bridge (or "chipset") or the
video terminal. 



Once the consumed power, as determined by the power controller) reaches a
threshold, a throttle signal is sent to one or more ICs of the computer
system by the controller. In response to receiving this throttle signal,
one or more of the ICs reduces its power consumption. For example) for one
embodiment of the present invention, a processor of the computer system
reduces its core frequency while maintaining a consistent bus frequency in
response to receiving the throttle signal. For another embodiment, the -3
processor stalls all or a portion of one or more pipelimes, or issues
no-ops to one or more pipelines, in response to receiving the throttle
signal.  By directly monitoring power consumption, or a value proportional
thereto, temperature measurement inaccuracies related to poor positioning
of thermal sensors in prozimity to the processor are avoided. In addition,
the response time between detecting a high power condition and reducing the
power consumption of the computer system is greatly improved over the use
of thermal sensors to detect the high power condition. A more detailed
description of embodiments of the present invention, including various
configurations and implementations, is provided below. processors 100 and
101 via a system bus. Bridge 110 is used to coupled the  processors to main
memory 115 and to couple the processrs to peripheral components 120 130 via
a peripheral bus. Secondary bridge 125 couples  external memory 140 and
video terminal 145 to the peripheral bus.  Peripheral components 120 and
130 ofFigure 1 may include audio and video input/output devices such as
audio/video generators, accelerators, or analyzers. External memory 140 may
include a hard drive, floppy disk, tape drive, or other non-volatile,
machine-readable, storage medium. Vedeo terminal 145 may include any video
display device such as a cathode ray tube (CRT) terminal or a flat panel
display such as a liquid crystal display(LCD). Main memory 115 may include
dymanic RAM(DRAM), static RAM(SRAM), flash EPROM, or other high speed, high
capacity storage medium. For an alternate embodiment of the present
invention, the computer system of Figure 1 may be modified to be a
uniprocessor systems, or it may include more than two processors.  Each
device of the computer system of Figure 1 is supplied power by a power
supply, V00 and this power is monitored by a meter. Power controller  150
is coupled to each device and to each meter. Note that each device may
include one or more ICs that consume power. FOr one embodiment of the    
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PCTNS99128047 Alternatively, for an embodiment in which two or more power
supplies are cascaded, the input to circuit 160 may be the DC power signal
from another power supply. For this alternate embodiment, the power signal
need not be rectified by input circuit 160. The resulting high voltage DC
power signal from input circuit 160 is pulse modulated by switching
transistors 161 and 162 under control of pulse width modulator 163.
Modulator 163 controls the power signal modulation by providing a switching
signal to the bases of the transistors. The resulting, pulsed power signal
is provided to transformer 164, the output of which is rectified, filtered,
and conditioned by output circuit 165. The resulting DC power signal, V~,
is provided to one or more ICs of the computer system, and is fed back to
pulse width modulator 163. This feedback signal is monitored by modulator
163 to regulate the pulse width of the switching signal. If V~ falls below
the desired output voltage, modulator 163 increases the pulse width. If V~
rises above the desired output voltage, the modulator decreases the pulse
width. One or more parameters of the switching signal provided from
modulator 163 to the bases of switching transistors 161 or 162 may be
proportional to the power or current consumed by the ICs coupled to the V~
output. For example, the pulse width or duty cycle (both of which are
referred to herein as the duty cycle) may be proportional to the power
consumption. Therefore, in accordance with one embodiment of the present
invention) the duty cycle of the switching signal is measured by the
associated meter of Figure 1, and these measurements are provided to power
controller 150. The duty cycle may be measured from the switching signal
provided to one or both bases of the switching transistors. Alternatively,
pulse width modulator 163 may provide a separate signal that indicates the
duty cycle of the switching signal. For another embodiment, the duty cycle
of the switching signal is indirectly measured by measuring the duty cycle
of the pulsed power signal provided from the switching transistors to
transformer 164. -6   2 3 APR 2003 WO 00/39661 PCT/US99/28047 Referring
again to Figure 1, the measurements from the meters may be converted into
digital format for processing by power controller 150. Alternatively, if
power controller 150 includes analog circuitry, the measurements may remain
as analog current or voltage levels. Power controller 150 gathers the
measurements from one or more of the meters of the computer system of
Figure 1 and calculates the total power consumed by the portion of the
computer system comprising the associated ICs. Alternatively, power
controller 150 may calculate a total of any value, such as current,
voltage, or duty cycle, that is proportional to the total power consumed by
the portion of the computer system. If the total power consumed reaches a
threshold, or if the total of a value that is proportional to the total
power consumed reaches a threshold, controller 150 sends a throttle signal
to one or more 1Cs of the computer system. In response to receiving a
throttle signal, an IC reduces its power consumption. Note that for
simplicity, as used henceforth, the term "power" includes either actual
power or a value, such as current, voltage, duty cycle, or other
measurement, that is proportional to power. The ICs that receive the
throttle signal and, in turn) reduce their power consumption, may be
selected by power controller 150 of Figure 1 in any of a number of
different ways. For one embodiment of the present invention, power
controller 150 sends a throttle signal to the one or more lCs that consume
the majority of power in the computer system. For example, for this
embodiment the throttle signal may be sent to one or both of processors 100
or 101. For another embodiment) power controller 150 sends a throttle
signal to the one or more ICs having a low impact on the operation of the
computer system. For example, for this embodiment the throttle signal may
be sent to video terminal 145 or external memory 140. As another example of
this embodiment, the throttle signal may be sent to one or both of
peripheral components 120 or 130 if these devices are either inactive or
not necessary to the near term execution of instructions in processors 100
or 101. _7_   2 3 APR 2Q3 WO 00/39661 PCTlUS99I28047 Figure 2A is a graph
showing the total power consumption versus time 



for all or a portion of the computer system of Figure 1 in accordance with
one embodiment of the present invention. The upward spikes in the graph are
indicative of periods of overactivity by one or more ICs of the computer
system, typically the processors. The upper threshold set in the power
controller is shown as the upper limit line in the graph of Figure 2A. This
threshold may be permanently set within the power controller or may be
modifiable by the system designer or system user via software or hardware
control. For one embodiment of the present invention, the upper limit is a
constant value as shown in Figure 2A. This constant value may be associated
with an approximately maximum power that can be reliably consumed by the
computer system from a power outlet into which the system is plugged before
the outlet's fuse or circuit breaker trips) This value may be changed by)
for example) modifying the settings stored in the basic input/output system
(BIOS) of the computer. For another embodiment of the present invention,
the threshold is not strictly a function of total power consumed but rather
a function of both total power consumed and time. For example, some power
outlets are able to sustain high power conditions for limited periods of
time before their circuit breaker trips. In these cases, the total power
value may be integrated over a period of time and compared to a threshold
value associated with the total power delivery specifications of the
outlet. For this example, power spikes may be tolerated for limited periods
of time. Once the threshold is reached, the power controller sends a
throttle signal to one or more ICs of the computer system. When an IC
reduces its power consumption in response to the throttle signal, the total
power consumption, as calculated by the power controller, is reduced as
shown in Figure 2A. For the embodiment of Figure 2A, once triggered, the
throttle signal is continually asserted until the total power consumption,
as calculated by the power controller) reaches the lower threshold
indicated by the lower limit line. Once this lower threshold is reached)
the throttle signal may be deasserted, _g_   2 3 APR 2003 WO 00/39661
PCT/US99128047 and) in response, the IC resumes normal operation. In
accordance with this embodiment, the lower threshold may be set to a
predetermined value selected to provide hysteresis to reduce the occurrence
of power oscillation between the upper and lower thresholds. This lower
threshold may be hard wired into the power controller or hard wired into
the IC that receives the throttle signal. Alternatively, the lower
threshold may be modifiable by a user or automatically adjusted within the
computer system to) for example, reduce power oscillation. Figure 2B is a
graph showing the total power consumption versus time for all or a portion
of the computer system of Figure 1 in accordance with an alternate
embodiment of the present invention. The graph of Figure 2B is similar to
the graph of Figure 2A except that for the embodiment of Figure 2B) once
the throttle signal is triggered, the signal is continually asserted for a
predetermined period of time, 200. Once this predetermined period of time,
20Q, has passed, the throttle signal may be deasserted, and, in response,
the IC resumes normal operation. In accordance with this embodiment) the
predetermined period of time may be selected to reduce the occurrence of
total power consumption oscillation. This predetermined period of time,
200, may be hard wired into the power controller or hard wired into the IC
that receives the throttle signal. Alternatively, predetermined period of
time, 200, may be modifiable by a user or automatically adjusted within the
computer system to, for example) reduce power oscillation. Figure 3 is a
computer system including processor 310 formed in accordance with an
embodiment of the present invention. System clock 301 and a throttle signal
tine are coupled to clock synchronizer 311 of processor 310. Processor 310
includes bus intertace 312 and a core having pipeline 313. Bus interface
312 and pipeline 313 receive separate clock signals from clock synchronizer
311. Synchronization unit 314 of bus intertace 312 is coupled to the input
and output of pipeline 313 and communicates data with other ICs via system
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good reaction time to the detection of a high power state by the power
controller. A slower frequency transition may be desirable to help reduce
power supply transients. in accordance with one embodiment of the present
invention, the speed of the frequency transition may be selected to reduce
the occurrence of total power consumption oscillation. The frequency
transition speed may be hard wired into the processor, modifiable by a
user, or automatically adjusted within the computer system to, for example,
reduce power oscillation. For an alternate embodiment of the present
invention, in response to the assertion of a throttle signal, processor 310
of Figure 3 stalls all or a portion of pipeline 313. Stalling (also called
freezing or halting) a pipeline significantly reduces the power consumption
of the processor because no or few instructions are executed while the
processor is stalled. Alternatively, the clock supplied to the stalled
pipeline, or pipeline portion) is turned off. The pipeline stall is
released upon deassertion of the throttle signal. The stall may be global)
in which all pipelines within processor 310 are stalled, or local, in which
only select pipelines are stalled. For an embodiment in which a local stall
is implemented, which pipeline, or which portion of the pipeline, is
stalled may be predetermined by the processor designer and hard wired into
the processor. Alternatively, this determination may be modifiable by a
user or automatically selected by the processor. For another embodiment of
the present invention, in response to the assertion of a throttle signal)
processor 310 of Figure 3 issues no-ops to pipeline 313. A no-op requires
little or no servicing or activity by the processor upon execution, so the
processor requires only a fraction of the power (e.g. less than half) to
execute the no-op than it requires to execute most other instructions.
Alternatively, the clock supplied to the pipeline, or pipeline portion,
that is executing the no-op is turned off. The normal instructions of the
program code are again issued to the pipeline upon deassertion of the
throttle signal. For one embodiment of the present invention, a mix of both
no-ops and normal instructions are issued to the pipeline during assertion
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PCT/US99/28047 period of time has elapsed, normal operation is resumed at
step 620 (e.g., the stall of the pipeline is released) and the method
proceeds back to step 600. Figure 7 is a flow chart showing the method of
Figure 4 in a third embodiment of the present invention. At step 700, a
processor is operated by continually issuing instructions and executing
those instructions via the processor pipeline. The power consumed by the
processor is continually measured during this operation and monitored by a
power controller. Next) at step 705, the power controller determines if the
power has reached an upper threshold. If the power has not reached the
upper threshold, normal operation of the processor continues. If, however,
the power has reached the threshold, then, at step 710, no-ops are inserted
into the processor pipeline to reduce the 



power consumption of the processor. Next, at step 795 of Figure 7, the
power controller determines if the power has reached a lower threshold, or,
alternatively) the power controller may determine if a predetermined period
of time has elapsed since inserting no-ops into the pipeline at step 710.
No-ops continue to be inserted into the pipeline at step 710 until the
power has reached a lower threshold or the predetermined period of time has
elapsed. Once the lower threshold is reached or the predetermined period of
time has elapsed, normal operation is resumed at step 720 (e.g., the normal
instruction flow is again issued into the pipeline) and the method proceeds
back to step 700. This invention has been described with reference to
specific exemplary embodiments thereof. It will) however, be evident to
persons having the benefit of this disclosure that various modifications
and changes may be made to these embodiments without departing from the
broader spirit and scope of the invention. The specification and drawings
are, accordingly, to be regarded in an illustrative rather than a
restrictive sense. -14   2 3 APR 2003 What is claimed is: 1. A method of
managing power consumption in a computer system comprising: taking a
measurement of a parameter that is approximately proportional to power
consumed by at least a portion of the computer system; and using the
measurement to determine if the power consumed by the portion of the
computer system has reached a threshold associated with a power delivery
specification of a power outlet into which the computer system is plugged.
2. The method of claim 1, further comprising sending a throttle signal if
the power consumed by the portion of the computer system has reached a
threshold. The method of claim 2, further comprising reducing the power
consumed by the portion of the computer system in response to an integrated
circuit (IC) receiving the throttle signal. 4. The method of claim 3,
wherein reducing the power consumed by the portion of the computer system
includes reducing a clock frequency or voltage supplied to the IC. The
method of claim 3, wherein taking the measurement includes measuring a duty
cycle of a switching signal in a power supply coupled to a processor, and
reducing the power includes reducing power consumed by the processor in
response to the processor receiving the throttle signal. 6. The method of
claim 3, wherein taking the measurement includes measuring a duty cycle of
a switching signal in a power supply that supplies the power, and reducing
the power includes reducing power consumed by the IC in response to the
throttle signal, the IC being determined to have a lower impact on
operation of the computer system than an alternate IC. 7. The method of
claim 1, wherein taking the measurement includes measuring a duty cycle of
a switching signal in a power supply coupled to the portion of the computer
system. The method of claim 1, wherein taking the measurement includes
measuring a duty cycle of a switching signal in a power supply that
supplies the power. -15   2 3 APR 2003 9. The method of claim 1, wherein
using the measurement includes deterniining if the power consumed by the
portion of the computer system has reached the threshold, the threshold
being predetermined to be a constant value. 10. The method of claim 1
wherein using the measurement includes determining if the power consumed by
the portion of the computer system has reached the threshold, the threshold
being calculated as a function of time. 11. A method of limiting power
consumed by a computer system comprising: measuring a first parameter that
is proportional to power consumed by a first portion of the computer
system; measuring a second parameter that is proportional to power consumed
by a second portion of the computer system; 



sending a throttle signal to an integrated circuit (IC) of the computer
system if a calculation that combines at least the first and second
parameters reaches a threshold associated with a power delivery
specification of a power outlet into which the computer system is plugged;
and reducing power consumed by the IC in response to receiving the signal.
12. The method of claim 11, further comprising determining if the
calculation reaches a threshold that is predetermined to be a user-defined
value associated with the power delivery specification of the outlet into
which the computer system is plugged. 13. The method of claim 11, further
comprising determining if the calculation reaches the threshold, the
threshold calculated as a function of time. 14. The method of claim 11,
wherein the computer system is a multiprocessor computer system in which
the first portion includes a first processor and the second portion
includes a second processor. 15. The method of claim 11, wherein measuring
the first parameter includes measuring a duty cycle of a switching signal
of a first power supply coupled to the first portion of the computer
system, and measuring the second parameter includes measuring a duty cycle
of a -16   2 3 APR 2003 switching signal of a second power supply coupled
to the second portion of the computer system. 16. A computer system
comprising: a power supply to supply power consumed by at least a portion
of the computer system; a meter to measure a value of a parameter that is
approximately proportional to the power; and a controller to send a
throttle signal to an integrated circuit (IC) of the computer system if an
amount calculated using the value reaches a threshold associated with a
power delivery specification of a power outlet into which the computer
system is plugged. 17. The computer system of claim 16, wherein the IC is a
processor. 18. The computer system of claim 16, wherein the parameter
includes a duty cycle of a switching signal of the power supply. 19. The
computer system of claim 16, wherein the controller is contained within a
bridge of the computer system. 20. The computer system of claim 16, wherein
the threshold is predetermined to be a value associated with an approximate
upper power level that can be reliably consumed by the computer system from
the outlet. 21. The computer system of claim 16, wherein the threshold is a
function of time. 22. The computer system of claim 16, wherein the
parameter includes a current from the power supply to the portion of the
computer system. 23. The computer system of claim 16, wherein the parameter
includes a voltage across a resistor between the power supply and the
portion of the computer system. -17 .Ay.A
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