
WO 03/060678 PCT/US02/41439  DETERMINISTIC POWER-ESTIMATION FOR THERMAL
CONTROL  BACKGROUND  Field of the Invention [0001] This invention relates
to thermal control for microprocessors.  Description of the Related Art
[0002] With the increasing complexity of new microprocessors, thermal
control becomes more challenging. Current microprocessors include extensive
execution resources to support concurrent processing of multiple
instructions. A  drawback to providing a microprocessor with extensive
execution resources is  that significant amounts of power are required to
run the microprocessors.  Different execution units may consume more or
less power, depending on their  size and the functions they implement, but
the net effect of packing so much  logic onto a relatively small process
chip is to create the potential for significant  power dissipation
problems. [0003] In conventional thermal control systems, junction
temperature (Tj)  on a die is observed to ensure that it does not exceed an
allowed maximum  value to avoid reliability issues. When the junction
temperature approaches the  allowed maximum value, throttling may be
activated to cool the microprocessor,  resulting in a significant
performance loss. [0004] Detection of a maximum junction temperature
violation may be  accomplished by measuring the temperature of an area of a
die close to the  known hot spots. Some microprocessors use a thermal diode
on the  microprocessor die for temperature tracking. Temperature tracking
can be used  to activate some sort of throttling when the temperature level
exceeds the 



I WO 03/060678 PCT/US02/41439  maximum allowed value, or can be used to
increase the microprocessor  performance level (e.g., increase
voltage/frequency) when the temperature level  is low. It has been found
that the current passing through the thermal diode is a  function of
temperature. Accordingly, a circuitry is provided, in at least some of  the
conventional thermal control systems, which is adapted to detect the amount
of current passing through the thermal diode and to trigger throttling
whenever  the temperature on the die exceeds the allowed maximum value.
[0005] Currently used thermal diodes protect microprocessors from
overheating situations, but may not be useful in mobile systems. In
general,  original equipment manufacturers (OEMs) of mobile systems prefer
not to  support thermal diode based throttling in normal operating
conditions while  running typical applications. Thermal diode throttling
introduces non- deterministic behavior to mobile systems, something an OEM
prefers to avoid.  OEMs operate on the assumption that systems of the same
type and having the  same chip version behave similarly and provide the
same benchmark score.  Thermal diode based throttling creates a
non-deterministic behavior since each  chip has a different thermal
response, leakage current, etc. BRIEF DESCRIPTION OF THE DRAWINGS [0006]
The features, aspects, and advantages of the invention will become  more
thoroughly apparent from the following detailed description, appended
claims, and accompanying drawings in which: Figure 1 shows a block diagram
of a thermal control system  according to one embodiment of the invention;
Figure 2 shows a block diagram of a power usage monitoring unit  



according to one embodiment of the invention; and Figure 3 shows a flow
diagram of estimating power usage by a  microprocessor according to one
embodiment of the invention. 2 WO 03/060678 PCT/US02/41439  DETAILED
DESCRIPTION [0007] In the following description, specific details are set
forth in order to  provide a thorough understanding of the present
invention. However, it will be  apparent to one skilled in the art that the
present invention may be practiced  without these specific details. In
other instances, well-known circuits, structures  and techniques have not
been shown in detail in order to avoid obscuring the  present invention.
[0008] A thermal control system is described. In one embodiment, a  thermal
control system is provided that uses a digital power monitoring for
thermal control in computer systems. The digital monitoring of power is
configured to estimate an amount of power used by a microprocessor. Based
on  the estimated power usage, the thermal control system controls the
activation  and deactivation of throttling mechanism to avoid unsafe
junction temperature  that may cause system degradation or that exceeds
system specification. [0009] It has been found than the amount of power
consumed by a  microprocessor during a time interval is related to junction
temperature (Tj) on  the die of the microprocessor. In other words, when
the microprocessor within a  computer system consumes relatively a large
amount of power for a period of  time, this may indicate that the
microprocessor is operating at relatively high  temperature. Accordingly,
when the estimated power usage is relatively high,  the thermal control
system may activate one or more of its thermal throttling  



mechanism to enable the microprocessor to cool itself. Additionally, when
the  estimated power usage is quite low, the thermal control system may be
configured to increase the microprocessor performance, for example, by
increasing operating voltage level, increasing clock frequency, or enabling
additional activities. 3 WO 03/060678 PCT/US02/41439  [00010] According to
one embodiment, the thermal control system  dynamically estimates an
average power consumed by a microprocessor during  a given time interval by
periodically executing software codes (e.g., micro-code,  system management
mode (SMM) software, or the like) in the microprocessor.  In one
embodiment, the power consumption level is estimated based on the
frequency of various activities occurring within the microprocessor. Unlike
the  thermal-diode based temperature estimation, the power estimation
carried out  by software has deterministic behavior (per a given system and
a given set of  applications), resulting in a deterministic system
behavior. In contrast, currently  used thermal diodes do not provide
deterministic power estimation for thermal  control. [00011] Figure 1
depicts a thermal control system 104 according to one  embodiment of the
invention. The thermal control system 104 is incorporated in  a
microprocessor 102 having, among other things, a semiconductor die
including  at least one throttling mechanism 106. In the illustrated
embodiment, three  types of throttling mechanisms are shown, which include
stop-clock throttling  logic 114, a voltage control logic 112, and an
interrupt logic 116. When the  thermal control system 104 detects that the
power consumed by the  microprocessor 102 exceeds the maximum allowed
power, one or more of the  



throttling mechanisms 106 may be invoked to ensure that die temperature
will  not exceed thermal design limits during operation. For example, the
stop-clock  throttling logic 114, which when activated, momentarily reduces
or stops the  clock of the microprocessor for example, for few
microseconds. The die  temperature can also be reduced by lowering the
operating voltage level, which  is controlled by the thermal control system
104 via the voltage control logic 112.  Toggling of any one of the
throttling mechanisms, including voltage control  logic 112, stop-clock
throttling logic 114 and interrupt logic 116, may 4 WO 03/060678
PCT/US02/41439  significantly reduce the amount of heat generated by the
microprocessor in a  relatively short period of time. [00012] The
throttling mechanisms 106 presented in Figure 1 are for  illustrative
purposes only, and those of ordinary skill in the art will understand
that, in practice, the thermal control system 104 may employ other types of
throttling mechanisms. Accordingly, it should be understood that the
thermal  control system described herein is generally applicable to all
types of  microprocessors, irrespective of the specific throttling
mechanisms employed.  [00013] The illustrated thermal control system 104
includes a power usage  monitoring unit 108 and a throttle control unit
110. In one embodiment, the  power usage monitoring unit 104 is embodied in
the form of software code such  as micro-code executed periodically within
the microprocessor to estimate  power consumption based on the number of
occurrences of various activities  performed in the microprocessor. Based
on the estimated power usage provided  by the power usage monitoring unit
104, the throttle control unit 110 generates  and sends signals to the one
or more of the throttling mechanisms 106 to cool the  



microprocessor if cooling is necessary to avoid unsafe die temperature that
may  cause system degradation. [000141 In general, there are a number of
functional units within a  microprocessor, each of which consumes different
amount of power.  Accordingly, by counting the number of times certain
functional units are  activated during a defined time period, the amount of
power consumed by the  microprocessor during that time period may be
estimated. To count the number  of occurrences of certain activities, the
power usage monitoring unit 104  communicates with a set of counters
118-122 incorporated in the microprocessor.  The counters 118-122 may be
implemented as registers in hardware components 5 WO 03/060678
PCT/US02/41439  and variables in software codes and are used to count the
number of occurrences  of a particular activity. [00015] For example, one
counter monitored by the power usage  monitoring unit 108 may be configured
to count the number of floating point  operations performed by the
microprocessor during a sampling time period.  Another counter may be
configured to count the number of cache memory  accesses occurring in the
microprocessor, data from which may be used to  estimate the amount of
power consumed by the microprocessor. The number of  instructions decoded
by the decoder may also be another activity monitored by  the power usage
monitoring unit 104 via some sort of counter mechanism. It  should be
understood that the present invention may be implemented by  monitoring any
other suitable activities occurring within the microprocessor and  is
limited to examples specified herein. [00016] In accordance with one
embodiment, the thermal control utilizes a  



combination of software and hardware, as opposed to currently used hardware
circuitry in combination with a thermal diode. Accordingly, by using both
hardware and software to estimate power usage, additional flexibility is
provided, enabling the thermal control system to factor in various
parameters  such as the operating voltage level and clock frequency into
the power  estimation. By using software code to estimate power usage,
rather than using  pure logic or hardware circuitry, the maximum junction
temperature violation  can be detected with sufficient accuracy for
activating throttling with minimal  system-level tuning by Basic Input/
Output System (BIOS). [00017] Figure 2 depicts a block diagram of a power
usage monitoring  (PUM) unit 108 according to one embodiment of the
invention. The PUM unit  108 includes power usage estimator 202 to estimate
power usage based on  counter data and a filter 204 to provide an average
power usage value of 6 WO 03/060678 PCT/US02/41439  estimated power usage
(EPU) values 218-222 obtained during the current and  past sampling
periods. [00018] As noted above, to estimate the power consumed by the
microprocessor, the power usage estimator 202 periodically obtains counter
data  238-242 from various counters incorporated in the microprocessor. In
one  embodiment, the power usage is estimated every few microseconds since
thermal response may be relatively slow (e.g., in the rage of tens of
microseconds). In this regard, at the beginning of each sampling period,
the  power usage estimator 202 will first access the counter data from each
counter  and then will reset the counters once the count data has been
read. Once the  counter data has been obtained, the power usage estimator
202 applies a  



respective weighted factor 212-216 to each of the counter data 238-242 and
combines the weighted counter data to provide a weighted sum of the counter
data. [00019] It has been found that the amount of power consumed by the
microprocessor is also influenced by the clock frequency and operating
voltage  level of the microprocessor. For example, if the microprocessor
within a  computer system is operating at higher frequency or higher
voltage level, it will  consume more power. In one embodiment, the weighted
sum of the counter  data is adjusted by the current clock frequency 206 and
voltage level 208 to more  accurately estimate the power usage. In one
embodiment, the estimated power  usage (EPU) 218-222 is computed as
follows: EPU = WSCD * V2 * F (1) [00020] where WSCD represented the
weighted sum of the counter data, V  represents current voltage level and F
represents current clock frequency. 7 WO 03/060678 PCT/US02/41439  [00021]
The current operating clock frequency 206 and voltage level 208  may be
determined by examining registers in the BIOS that has been designated  to
store the current frequency and voltage level values. In at least some of
the  recently developed microprocessors, the voltage level and the
operating  frequency may change during runtime under various operating
conditions. For  example, the voltage level and the frequency could be
adjusted by one of the  throttling mechanisms. Alternatively, in mobile
computer systems, the voltage  level may change when a mobile computer
system switches from an external  power source mode to a battery power
mode. [00022] Once the estimated power usage (EPU) value has been computed,



it is averaged with past EPU values 218-222 to filter out momentary peak
power  usage. Then, the average power usage value is compared with a
maximum  allowed power level (referred hereinafter as "TDP" 210). The value
associated  with TDP 210 may be programmed in one of the registers in BIOS
and is useful  in determining when the junction temperature of the
microprocessor may  violate the maximum allowed temperature based on the
estimated power usage.  The TDP value 210 may be determined by executing
benchmark program and  determining how much power can be consumed by the
microprocessor before it  exceeds the maximum allowed temperature under
normal or worst-case  scenario. If the current power usage exceeds the TDP
value 210 for a period of  time, the junction temperature of microprocessor
will start to exceed the  maximum allowed temperature. Therefore, to reduce
the junction temperature  under such condition, the throttling control unit
110 will activate one or more of  the throttling mechanism when the average
power usage exceeds the TDP value.  [00023] It has been found that the
relationship between the power  consumption (power) and the junction
temperature (Tj) may be expressed as  follows: 8 WO 03/060678
PCT/US02/41439  Tj = Ta + Tsys + Rjc * power (2) [00024] where Ta
represents ambient temperature around the  microprocessor; Tsys represents
motherboard contribution to heat; and Rjc  represents thermal resistance.
[00025] The values associated with Ta, Tsys and Rjc are system dependent
and are typically unknown. For example, the value associated with the
thermal  resistance (Rjc) of a system is difficult to obtain since it
depends on a number of  



factors such as the cooling capacity of its fan and heat sink, and the
like. Accordingly, in one embodiment, the thermal control system does not
calculate  the junction temperature directly. Instead, the estimated power
is compared to a  fixed reference point (e.g., TDP). By doing so, thermal
control can be provided  without having to compute parameters such as Ta,
Tsys and Rjc. [00026] Figure 3 depicts operations of estimating power usage
according to  one embodiment of the invention. In one implementation, the
software code  running in the microprocessor estimates the current power
usage level based on  an assumption that the current power usage is
proportional to a set of counter  data adjusted by a corresponding
weighting factor associated with each  individual counter data. The
estimated power usage (PU) may be expressed as  follows: EPU = (weighting
factor(i) * counter data(i)) + idle power (3) [00027] where weighting
factor(i) represents a coefficient value associated  with its corresponding
counter data used to adjust the counter data collected  during a sampling
period and idle power represents a constant value  corresponding to an
amount of power consumed by the microprocessor when it 9 WO 03/060678
PCT/US02/41439  is not executing instructions (e.g., clocking power, static
current power, leakage  power). [00028] Referring to Figure 3, a set of
counter data is read from counters in  block 310. In one embodiment, the
set of counter data relates to certain high  level activities which may be
counted by counters incorporated in the  microprocessor. For example, the
counter data may be collected from the  existing performance monitor
counters or other counters incorporated into the  



microprocessor for the purpose of monitoring power usage. If existing
performance monitor counters are used, the performance monitoring logic or
software program may be used to track the level of activities associated
with the  corresponding counters. [00029] Then, in block 320, a respective
weighting factor is applied to each  of the counter data. For example, in
one implementation, the weighted counter  data is obtained by multiplying
each individual counter data with the corresponding weighting factor. When
the thermal system is being designed, a  respective weight factor is
assigned to each counter data to represent the level of  power usage
associated with the functional unit corresponding to the counter  data.
Each weighting factor may be derived by microprocessor IC designers  using
some sort of power estimation tools (e.g., Architectural Level Power
Simulator (ALPS)). Once weighted counter data has been computed, an
accumulated counter value is obtained by combining the weighted counter
data  together in block 330. [00030] The power consumed by the
microprocessor will depend on a  number of factors, including operating
clock frequency, voltage level applied to  the microprocessor, which values
may change during runtime. In order to take  such factors into
consideration, the accumulated counter value is adjusted based  on the
current operating frequency and voltage level in block 340. For example, 10
WO 03/060678 PCT/US02/41439  the accumulated counter value may be adjusted
by a multiplied factor of the  current operating frequency and voltage
level. [00031] In block 350, the amount of power consumed by the
microprocessor is estimated based on the adjusted counter data. Then, to
avoid  



responding to momentary change in estimated power consumption (e.g., peak
power usage), past history of power usage is factored into consideration.
In this  regard, the estimated power usage levels obtained during past
certain number of  sampling periods are averaged in block 360. One way of
doing this is to  maintain a sliding window with a defined number of past
power estimations  and use weighted sum to estimate the average power
usage. [00032] Once the average power usage has been estimated, it may be
compared with a defined threshold value. In one embodiment, the estimated
average power usage is compared against a maximum allow power usage value
(TDP). Based on the ratio between the estimated power usage and TDP, the
frequency, the operating voltage level and performance of a microprocessor
may  be adjusted up or down. For example, when this ratio approaches one,
light  throttling is initiated. [00033] One problem associated with the
conventional microprocessors  using thermal diodes is that they do not
provide deterministic results from one  system to another system. For
example, because the temperature of the die is  measured using thermal
diodes, various factors may affect the temperature  measurement and the
performance of the system. In addition, each  microprocessor is fabricated
with slightly different parameters such as static  power level, temperature
responses, etc. and slightly different behavior such as  heat sink
capability, quality, etc. As a result, the performance of different
microprocessors measured using the same benchmark program under similar
condition will provide different performance results. Because the timing of
11 WO 03/060678 PCT/US02/41439  when throttling is activated is different
from one microprocessor to another, the  



behavior of each microprocessor will be non-deterministic, resulting in one
microprocessor performing better than another microprocessor. To avoid high
junction temperature for all microprocessors, a higher margin value may
need to  be assigned so that throttling can be timely activated in less
sensitive  microprocessors, which results in a loss of performance. Another
problem  associated with non-deterministic behavior is the added complexity
in  validation and system debugging, typically performed by OEM and IT
managers of large companies purchasing a large amount of portable computer
systems, such as notebooks. [00034] In contrast, a microprocessor
implementing the thermal control  system according to one embodiment
provides a deterministic behavior. This  means that the performance of the
microprocessor does not depend on chance  but rather can be replicated one
run after another. This means that when the  same application program is
executed on different motherboards, they will  generate, the same count
value and have the same throttling behavior and  performance.
Advantageously, by using the same maximum allowed power  usage value and
weighting factor values, the scheme taught by the present  invention
enables the throttling mechanism to be activated in a deterministic
manner. [00035] In one embodiment, the thermal control system is
implemented in  a portable computer system such as notebook computers to
provide  deterministic throttling behavior. It has been found that
deterministic behavior  is particularly desirable in portable computer
systems. In one embodiment, the  digital power monitoring capability of the
thermal control system is used to  improve performance of portable computer
systems by using the thermal  control system to detect situations when the
microprocessor is operating at low  



temperature and when the microprocessor temperature is approaching 12 WO
03/060678 PCT/US02/41439  maximum value. By doing so, the performance level
may be increased in low  temperature situations by increasing operating
frequency and voltage level.  Further, light throttling may be enabled when
the microprocessor temperature is  approaching a maximum value. By using
light throttling, the maximum allowed  temperature may be avoided without
use of full throttling. [00036] The operations performed by the present
invention may be  embodied in the form of software program stored on any
type of machine- readable medium capable of storing or encoding a sequence
of instructions for  execution by a machine. The term "machine-readable
medium" shall be taken to  include, but not limited to, solid-state
memories, magnetic and optical memories  and carrier wave signals.
Moreover, the present invention is not described with  reference to any
particular programming language. It will be appreciated that a  variety of
programming languages may be used to implement the teachings of  the
invention as described herein. [00037] While the foregoing embodiments of
the invention have been  described and shown, it is understood that
variations and modifications, such as  those suggested and others within
the spirit and scope of the invention, may  occur to those skilled in the
art to which the invention pertains. The scope of the  present invention
accordingly is to be defined as set forth in the appended  claims. 13 WO
03/060678 PCT/US02/41439  CLAIMS  



What is claimed is: 1. A microprocessor comprising: at least one throttling
mechanism; and a thermal control subsystem to estimate an amount of power
used by said  microprocessor and to control said at least one throttling
mechanism based on  said estimated power usage. 2. The microprocessor of
claim 1, wherein the amount of power used by  the microprocessor is
estimated based on the number of occurrences of at least  one activity
performed in said microprocessor. 3. The microprocessor of claim 1, wherein
thermal control subsystem  includes a power usage monitoring unit which
determines the number of  occurrences of at least one activity performed by
the microprocessor within a  sampling time period and computes the
estimated power usage based on (1) the  count value associated with said at
least one activity, (2) current clock frequency  and (3) operating voltage
level of the microprocessor 4. The microprocessor of claim 3, wherein the
power usage monitoring  unit estimates the amount of the power used by the
microprocessor by  averaging the current estimated power usage value with a
defined number of  most recently estimated power usage values obtained
during previous sampling  time periods. 14 WO 03/060678 PCT/US02/41439  5.
The microprocessor of claim 1, wherein the thermal control subsystem
further comprises a throttling control unit which compares said estimated
amount of power used by the microprocessor against a threshold and
activates  the throttling mechanism if the estimated power used by the
microprocessor is  



greater than said threshold or deactivates the throttling mechanism if the
estimated power used by the microprocessor is less than said threshold. 6.
The microprocessor of claim 1, wherein the throttling mechanism is
activated in a deterministic manner by the thermal control subsystem. 7.
The microprocessor of claim 2, wherein said at least one activity
monitored by the thermal control subsystem comprises at least one of the
following activities; (1) floating point operation, (2) cache memory access
and (3)  instruction decoding. 8. A method comprising: estimating an amount
of power used by a microprocessor; and  controlling at least one throttling
mechanism incorporated in the  microprocessor based on said estimated power
usage. 9. The method of claim 8, wherein the amount of power used by the
microprocessor is estimated based on the number of occurrences of at least
one  activity performed in the microprocessor. 10. The method of claim 8,
wherein the estimating the amount of power  15 WO 03/060678 PCT/US02/41439
used by the microprocessor further comprises: counting the number of
occurrences of at least one activity performed by  the microprocessor
within a sampling time period; and adjusting the number of occurrences of
said at least one activity according  to current operating frequency and
voltage level of the microprocessor. 11. The method of claim 10, wherein
the estimating the amount of the  power used by the microprocessor further
comprises averaging the current  estimated power usage value with a defined
number of most recently estimated  



power usage values obtained during previous sampling time periods. 12. The
method of claim 8, further comprising: comparing said estimated amount of
power used by the microprocessor  against a threshold; activating said at
least one throttling mechanism if said estimated power  used by the
microprocessor is greater than said threshold; and deactivating said at
least one throttling mechanism if said estimated  power used by the
microprocessor is less than said threshold. 13. The method of claim 8,
wherein the throttling mechanism is activated  in a deterministic manner.
14. The method of claim 10, wherein said at least one activity monitored
is selected from the following activities; (1) floating point operation,
(2) cache  memory access and (3) instruction decoding. 16 WO 03/060678
PCT/US02/41439  15. A thermal control system comprising: a power usage
estimator to estimate an amount of power used by a  microprocessor based on
the number of occurrences of at least one activity  performed by the
microprocessor during a defined time period; and a throttling control unit
to control at least one throttling mechanism  incorporated in the
microprocessor based on the estimated amount of power  used by the
microprocessor. 16. The thermal control system of claim 15, wherein said
power usage  estimator estimates the amount of power used by the
microprocessor based on  (1) the number of occurrences of at least one
activity, (2) current clock frequency  and (3) operating voltage level of
the microprocessor. 



17. The thermal control system of claim 15, further comprising a filter to
adjust the estimated amount of power usage by applying recently estimated
power usage values obtained during previous sampling time periods with the
current estimated power usage value. 18. The thermal control system of
claim 15, wherein said throttling  control unit compares said estimated
amount of power used by the  microprocessor against a threshold and
activates the throttling mechanism if the  estimated power used by the
microprocessor is greater than said threshold or  deactivates the
throttling mechanism if the estimated power used by the  microprocessor is
less than said threshold. 19. A machine-readable medium that provides
instructions, which when  17 WO 03/060678 PCT/US02/41439  executed by a
microprocessor cause said microprocessor to perform operations  comprising:
estimating an amount of power used by a microprocessor; and  controlling at
least one throttling mechanism incorporated in the  microprocessor based on
said estimated power usage. 20. The machine-readable medium of claim 19,
wherein the amount of  power used by the microprocessor is estimated based
on the number of  occurrences of at least one activity performed in the
microprocessor. 21. The machine-readable medium of claim 19, wherein the
operation of  estimating the amount of power used by the microprocessor
further comprises  reading count data representing the number of
occurrences of at least one  activity performed by the microprocessor
within a sampling time period and  adjusting the number of occurrences of
said at least one activity according to  



current operating frequency and voltage level of the microprocessor. 22.
The machine-readable medium of claim 21, wherein the operation of
estimating the amount of the power used by the microprocessor further
comprises averaging the current estimated power usage value with a defined
number of most recently estimated power usage values obtained during
previous sampling time periods. 23. The machine-readable medium of claim
19, wherein the operations  further comprises: comparing said estimated
amount of power used by the microprocessor  18 WO 03/060678 PCT/US02/41439
against a threshold; activating said at least one throttling mechanism if
said estimated power  used by the microprocessor is greater than said
threshold; and deactivating said at least one throttling mechanism if said
estimated power used  by the microprocessor is less than said threshold.
24. The machine-readable medium of claim 19, wherein the throttling
mechanism is activated in a deterministic manner. 25. The machine-readable
medium of claim 21, wherein said at least one  activity monitored is
selected from the following activities; (1) floating point  operation, (2)
cache memory access and (3) instruction decoding. 19 


