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chine readable instructions. The system (2) can also include a memory (8) ac-
cessible by the processor core (6). The memory (8) can include prepro-
grammed test data (10) that characterizes one of an impedance of a processor
(3) and a current output to the processor (4) during execution of a test
routine. The processor (4) can include the processing core (6) and the one of
the impedance of the processor (4) and the current output to the processor (4)
is based on a power measurement taken during execution of a test routine.
The power measurement can be taken with a current sensor that is at least one
of lossy or at least about 98% accurate.
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PROCESSOR POWER MEASUREMENT

[0001] This relates to processor power measurement.
BACKGROUND
[0002] A processing core voltage (Vcore) is the power supply voltage supplied to

a central processing unit (CPU), graphical processing unit (GPU), application specific
integrated circuit (ASIC), microcontroller or other device containing a processing core.
The amount of power a processing core consumes, and thus the amount of heat the
processing core dissipates is the product of this voltage and the current the processing
core draws. In some processing cores, the current can be proportional to the clock
speed of the processing core.

SUMMARY

[0003] This disclosure provides methods and apparatus relating to processor
power measurement.

[0004] One example relates to a system that can include a processing core
configured to execute machine readable instructions. The system can also include
memory accessible by the processing core. The memory can include preprogrammed
test data that characterizes one of an impedance of a processor and a current output to
the processor during execution of a test routine. The processor can include the
processing core and the one of the impedance of the processor and the current output
to the processor can based on a power measurement taken during execution of the test
routine. The power measurement can be taken with a current sensor that is at least one
of lossy or at least about 98% accurate.

[0005] Another example relates to a method that can include executing a test
routine on a processor that executes machine readable instructions. The method can
also include measuring, with a lossy current measuring device, a current provided to the
processor during the test routine. The test routine can include a plurality of machine
readable instructions. The method can further include storing test data that
characterizes the measuring in a memory.

[0006] Yet another example relates to a data center that can include a plurality of
computers that are each configured to store a power history. A given power history of a
given computer of the plurality of computers can include a time-stamped instance of a



WO 2014/160798 PCT/US2014/031904

calculated power consumed by the given computer. The calculated power can be
based on a real-time measured current provided to the given computer and a calibration
factor. The calibration factor can be based on test data characterizing one of an
impedance of a processor of the given computer and a current provided to the
processor of the given computer during execution of a test routine by the processor.
The data center controller can be configured to adjust a workload assigned to each of
the computers based on the power history of each of the computers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0001] FIG. 1 illustrates an example of a system with a processor for calibrating a
power measurement.

[0002] FIG. 2 illustrates a flowchart of an example method of determining test
data for a processor.

[0003] FIG. 3 illustrates another example of a system for calibrating a power
measurement.

[0004] FIG. 4 illustrates yet another example of a system for calibrating a power
measurement.

[0005] FIG. 5 illustrates an example of a data center.

[0006] FIG. 6 illustrates an example of a graph that plots power efficiency as a

function of a percentage of maximum current.

[0007] FIG. 7 illustrates another example of a graph that plots power efficiency as
a function of a percentage of maximum current.

[0008] FIG. 8 illustrates an example flowchart of a method for determining a
power consumed by a component.

[0009] FIG. 9 illustrates an example flowchart of a method for managing power
efficiency of a module.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0007] This disclosure relates to processor power measurement, such as may
include execution of a power test on a processor. In one example, a test routine (e.g., a
series of machine executable instructions) can be executed by a processor in a test
facility. During execution of the test routine, power measurements, including a current

and voltage provided to the processor can be recorded as test data. In some examples,



WO 2014/160798 PCT/US2014/031904

the current and voltage applied to the processor can be employed to determine an
impedance of the processor.

[0008] Upon installation of the processor in a computer system, the test routine
can be re-executed. During re-execution of the test routine, a (relatively inaccurate)
current measurement can be compared with the measured current provided to the
processor at the test facility to determine a calibration factor. The calibration factor can
be employed to calibrate the real-time measurement of current to increase an accuracy
of calculations relating to power consumption of the processor. Accurate data that
characterizes the power consumption of the processor over a period of time (e.g., a
power history) can be employed, for example, to adjust a workload of the computer
system to increase an overall power efficiency of a data center that includes the
computer system.

[0009] FIG. 1 illustrates an example of a system 2 that includes a processor 4 for
calibrating a power measurement. The system 2 can be implemented, for example, as
a computer, a programmable logic controller (PLC) or the like. The system 2 can be a
stand-alone system or a component of a data center (e.g., a server cluster or a cloud
computer system). The processor 4 can be implemented as an integrated circuit (IC)
chip configured to execute machine readable instructions. The processor 4 could be
implemented, for example, as a central processing unit (CPU), an application specific
integrated circuit (ASIC) chip, a microcontroller or the like.

[0010] The processor 4 can include a processing core 6 that can execute
machine readable instructions. In some examples, the processor 4 can be a multi-core
processor that includes a plurality of processing cores. The processor 4 can include on-
board (e.g., embedded) local memory 8, such as one-time programmable (OTP)
memory registers and/or rewriteable memory registers that include test data 10. The
test data can be programmed to characterize results of one or more previously
executed test routines (e.g., power measurements). The local memory 8 can be a non-
transitory machine readable medium. In some examples, the test data 10 can
characterize a measured impedance of the processor 4. In such a situation, the
measured impedance can be determined during execution of the predetermined test

routine. In some examples, the test data 10 can be stored in external memory, such as
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memory 12. The memory 12 could be implemented, for example, as a non-transitory
machine readable medium, such as volatile memory (e.g., random access memory
(RAM)), non-volatile memory (e.g., a hard disk drive, a solid state drive or the like) or a
combination thereof. In some examples, the memory 12 could be the main memory of
the system 2. Additionally or alternatively, the memory 12 could include a subsystem
memory, such as the memory of a Basic Input/Output System (BIOS).

[0011] In some examples, the test data 10 can also include a test routine that can
be implemented as a series of machine readable instructions employed to determine a
measured impedance for the processor 4, Z,,.. Moreover, the test data 10 can include
a clock speed characterizing a clock speed of the processor 4 that the processor 4
executed the test routine to determine the measured impedance, Zyoc. In some
examples, the test data 10 can include multiple instances of the measured impedance
Zoroc, @long with a corresponding test routine and/or a clock speed. In some examples,
the test data can include a test routine identifier (ID) that identifies a location (e.g., a
memory address or a uniform resource identifier (URI)) of the test routine.

[0012] The processor 4 can receive a power signal from a processing core
voltage (Vcore) regulator 14 that can be implemented, for example as a direct current
(DC)-to-DC converter. The Vcore regulator 14 can convert a voltage provided from a
power supply to a Vcore voltage specified by a manufacturer of the processor 4. The
Vcore regulator 14 can include a voltage sensor 16 configured to measure a real-time
output voltage supplied to the processor 4. The voltage sensor 16 can be implemented,
for example, as an analog-to-digital converter (ADC) that can provide a relatively
accurate measurement of the output voltage of the Vcore regulator 14. The Vcore
regulator 14 can be a single phase DC-to-DC converter or a multiphase (e.g., a 6
phase) DC-to-DC converter.

[0013] The Vcore regulator 14 can include a current sensor 18 configured to
measure a real-time output current supplied to the processor 4. The current sensor 18
can be implemented, for example, as a substantially lossless current sensor, such as an
inductor direct-current resistor (DCR) sensor, a metal-oxide-semiconductor field-effect
transistor (MOSFET) current mirror or the like. The current measured by the current

sensor 18 is relatively inaccurate due to tolerances of circuit components in the current
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sensor 18. For example, the current sensor 18 can include an inductor with a magnetic
core. Temperature effects on the magnetic core can introduce inaccuracies in the
measured output current.

[0014] The Vcore regulator 14 can include circuitry that can output data to the
processor 4 that characterizes the real-time measured output voltage, Vmout and the
real-time measured output current, Inout. AS an example, the circuitry can include a
telemeter configured to provide the measured voltage and current Vim.out and Im-out to the
processor 4 (e.g., via a physical connection, such as the power supply connection or a
separate connection). A power test 20 can be stored in the memory 12 of the system 2.
The power test 20 can be configured to provide a measured power consumed by the
processor 4. Moreover, the power test 20 can be configured to execute a calibration
process to increase the accuracy of the measured power consumed by the processor 4.
[0015] During the calibration process, the power test 20 can access the test
data 10. Moreover, the power test 20 can cause the processor 4 to execute the same
test routine that was executed to generate the measured impedance, Z,oc and at the
same clock speed. The measured output voltage of the Vcore regulator 14, Vim.out €an
be relatively accurate compared to the measured current, Iout. Thus, the measured
output voltage can be divided by the impedance of the processor 4, Zyoc to provide a
determined output current, lyout. EqQuation 1 characterizes this relationship:

Equation 1: [y = Lmout
Zproc
[0016] In some examples, the determined output current, lyot (Or an equivalent

value) can be stored in the test data 10. For instance, a value corresponding to a
measured test output current (explained herein), Intout Can be stored in the test data 10.
In such a situation, the measured test output current, In.out Can be employed as the
determined output current, lgou, Wherein I;_,u: = Ini—oue- 1he determined output
current, lgout Can be compared with the measured current, lnhout to determine a
calibration factor, Cicor fOr the calibration process of the power test 20. Thus, the

calibration factor, Csacior €an characterize a deviation between the measured current, I
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ot and the measured test current, lnout Or the determined output current, lgout.

Equation 2 can be employed to calculate the calibration factor, Cracior-

Equation 2: Cractor = Id—OIl:;jiTlilt—out 1
[0017] The calibration factor, Crctor can be stored in the memory 12 as a

calibration factor 22 to complete the calibration process. Upon determining the
calibration factor, Cracior, the power test 20 can continually calculate the power employed
by the processor 4, Pproc. The calculated power employed by the processor 4, Pproc €an
be calculated with Equation 3.

Equation 3: Poroc = Vin-out * (Cfactor * Im—out)

[0018] The calculated power consumed by the processor 4, Py Can be stored in
the memory 12 as calculated power 24, which can also include a corresponding time
stamp corresponding to a time when the measurement is made. Moreover, additional
instances of the calculated power and corresponding time stamps can be stored in the
memory 12. By employment of the system 2 and corrections based on the derived
calibration factor Ciacior, @an accurate power history for the system 2 can be determined
without including lossy components, such as a shunt-resistor in the current sensor 18
that could lower the power efficiency of the system 2. Employment of the accurate
power history can be employed, for example, to control workload distribution assigned
to the system 2 (e.g., in a server farm). As explained herein, control of the workload
distribution can facilitate operation of the system 2 at a peak (or near peak) power
efficiency.

[0019] In view of the foregoing structural and functional features described
above, example methods will be better appreciated with reference to FIGS. 2, 8 and 9.
While, for purposes of simplicity of explanation, the example methods of FIGS. 2, 8 and
9 are shown and described as executing serially, it is to be understood and appreciated
that the presence examples are not limited by the illustrated order, as some actions
could in other examples occur in different orders, multiple times and/or concurrently

from that shown and described herein. Moreover, it is not necessary that all described
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actions be performed to implement a method. The example method of FIG. 2 can be
implemented in a production test environment as machine executable instructions. The
instructions can be accessed by a processing resource (e.g., One or more processor
cores) and executed to perform the methods disclosed herein.

[0020] FIG. 2 illustrates an example of a method for determining test data for a
processor. The method 100 can be implemented, for example, in a test facility after
fabrication of a processor (e.g., the processor 4 illustrated in FIG. 1). In the
method 100, the processor can be coupled to a power supply. In such a situation, the
processor can receive power at pins coupled to output terminals of the power supply.
At 110, a clock speed of the processor can be set. At 120, a test routine can be
executed by the processor. The test routine could be, for example, a series of machine
executable instructions that cause the processor to consume power in a predictable
way. For instance, in one example, the test routine could be a series of instructions that
cause the processor to linearly ramp the power usage from about a predetermined
minimum power usage to about a predetermined maximum power usage. Additionally
or alternatively, the test routine could include a series of instructions that cause the
processor to consume a relatively constant amount of power. Additionally or
alternatively, the test routine could include a series of instructions that cause the
processor to consume a stepped amount of power that increments according to a
prescribed step size from about the minimum power usage to about the maximum
power usage.

[0021] At 130, a measured test voltage, Vmtout OUtput by the power supply and a
measured test current, Inout OUtput by the power supply can be received at the
processor. The measured test voltage, Vmiout Can be determined, for example, by a
voltmeter or an ADC coupled to the output terminals of the power supply. Additionally,
the measured test current, In.out Can be determined for example, with a lossy current
measuring device that is coupled to the output terminals of the power supply. The lossy
current measuring such as can be implemented to include an ammeter, a shunt resistor,
current transformer, etc. The lossy signal measuring device, such as can absorb about
5% or more of the power of a signal being measured. The power loss can be due to

dissipation of power via the sensor or due to amplification and/or processing of the



WO 2014/160798 PCT/US2014/031904

sensed signal. Additionally, the lossy measuring device can be accurate, such that the
measured test current, Imwout, has an accuracy greater than about 98% (e.g., only about
2% or less inaccurate). In this manner, both the measured test voltage, Vmtout and the
measured test current Imiout €can be determined with a high degree of accuracy. At 140,
the processor can employ the measured test voltage Vimwout and the measured test
current Imwout to determine a measured impedance for the processor, Zpoc. AS one
example, Equation 4 can be employed to determine the measured impedance for the

processor, Zproc.

Equation 4: Zproc = %
[0022] At 150, test data (e.g., the test data 10 of FIG. 1) can be stored. In some

examples, the test data can be stored in memory local to the processor, such as a
register of the processor. In other examples, the test data can be stored in memory
external to the processor, such as memory of a BIOS or in other non-volatile memory.
The test data can be implemented, for example, as the measured test voltage, Vmtout
and the measured test current In.out and/or the measured impedance for the
processor, Zyoc. It is noted that the method 100 can be repeated for different clock
speeds and/or different test routines. In such a situation, the test data can be
implemented as a table that stores a plurality of measured impedances for the
processor, Zyoc as well as data identifying a corresponding test routine and/or a
corresponding clock speed. The data identifying the test routine could be for example,
a test routine identifier (ID) or a series of instructions for a particular test routine.
Accordingly, in this situation, Table 1 is an example of information that could be
included as the test data. In other examples, the measured test voltage, Vmi.out and the
measured test current Inwout Can additionally or alternatively be stored in the table.
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MEASURED IMPEDANCE, Zproc (Ohms)
TEST ROUTINE
CLOCK SPEED (GHz) 1 2 3
3.8 74 74 76
3.9 75 74 77
4 78 74 80
TABLE 1
[0023] As noted with respect to FIG. 1, the measured test voltage, Vimiout and the

measured test current Im.out @nd/or the measured impedance for the processor, Z,roc can
be employed in calibrate process of a power test.

[0024] It is noted that in some examples, the method 100 can be repeated for
different processors. Moreover, in some examples, if enough processors fabricated
with the same parameters are tested, the measured test voltage Vmiouw and the
measured test current Imwout and/or the measured impedance for the processor, Zproc for
each tested processor may be identical (or nearly identical). In such a situation, the
measured test voltage, Vmtout and the measured test current Iniout and/or the measured
impedance for a given processor, Zyoc Mmay be written to a memory without actually
performing the actions 110-150 based on the previous tests of other processors. In
other examples, the method can be implemented for each of the processors and the
test results be collectively stored in memory.

[0025] FIG. 3 illustrates another example of a system 200 that includes a
processor 202 for calibrating a power test 204. The processor 202 can include a
processing core 206 to execute machine readable instructions. The processor 202
could be implemented, for example, as a CPU, a microcontroller, an ASIC or the like.
The system 200 could be implemented, for example, in a data center (e.g., a server
farm).

[0026] The system 200 can include a power supply 210 that is coupled to a
Vcore regulator 212. The Vcore regulator 212 can be implemented, for example, as a
DC-to-DC converter that converts and regulates DC current from the power supply 210
to drive the processor 202. The Vcore regulator 212 can include a voltage sensor 214

(e.g., an ADC) that can provide a relatively accurate measurement of a real-time output
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voltage, Vmout. Moreover, the Vcore regulator 212 can include a near lossless current
sensor 216 (e.g., a DCR or a MOSFET current mirror) that can provide a real-time
measurement of output current, Imouit. HOwever, the near lossless current sensor 216
can contain circuit components (e.g., inductors) with inherent inaccuracies due to
component tolerances and/or temperature effects. These inaccuracies can lead to the
real-time measurement of output current, Inout t0 have an accuracy of less than 96%
(e.g., 4% degree of inaccuracy).

[0027] The system 200 can also include a memory 218 (e.g., volatie memory,
non-volatile memory or a combination thereof) that can store machine executable
instructions. The memory 218 can be a non-transitory machine readable medium. The
memory 218 can be implemented, for example, as main memory and/or as memory of a
subsystem (e.g., a BIOS). The processor 202 can include a local memory 220 (e.g.,
OTP registers and/or rewriteable registers) that can store test data 222. In some
examples, the test data 222 can be stored in the memory 218 (e.g., external memory)
instead of the local memory 220. Similarly, some (or all) of the data stored in the
memory 218 can be stored in the local memory 220. The test data 222 can include data
that characterizes a measured impedance for the processor 202, Zc, @ measured test
voltage, Vmtout and/or a measured test current Int.out @s described with respect to FIG. 2.
[0028] The processor 202 can be connected to a communication bus 224, such
as a power management bus (PMBus), a Peripheral Component Interconnect (PCI)
bus, a PCI Express bus, a universal serial bus (USB) or the like. N number of points of
load (POLs) 226 can be connected to the communication bus 224, where N is an
integer greater than or equal to one. Each of the POLs 226 can be implemented, for
example, as a device that receives a power signal from a corresponding voltage
regulator 228 of N number of voltage regulators 228 that are coupled to the power
supply 210. Each POL 226 can be, for example, a subsystem of the system 200.
A given POL 226 could be implemented, for example, as a graphical processing unit
(GPU), a USB hub, a network interface card, a BIOS, an ASIC, a controller, another
processor, a memory, such as double data rate synchronous dynamic RAM, (DDR
SDRAM), an external sensor or the like. In some examples, a given POL 226 can be a

digital device and in other examples, the given POL 226 could be an analog device.

10
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[0029] Each voltage regulator 228 can be implemented as a DC-to-DC converter
that can regulate a power signal provided to a corresponding POL 226. In some
examples, one or more of the voltage regulator 228 could be a second Vcore regulator.
Each of the N number of voltage regulators 228 can include circuitry (e.g., telemetry
circuitry) for communicating with the processor 202 (or other components) via the
communication bus 224. Each voltage regulator 228 can include a nearly lossless
current sensor 230 and a voltage sensor 232 that can be configured in a manner similar
to the current sensor 216 and voltage sensor 214 of the Vcore regulator 212. The
voltage sensor 232 of a given voltage regulator 228 can measure a real-time output
voltage provided to the corresponding POL 226 and the current sensor 230 of the given
voltage regulator 228 can measure a real-time output current provided to the
corresponding POL 226.

[0030] The memory 218 can include the power test 204. The power test 204 can
include a plurality of component power tests. For example, the power test 204 can
include a processor power test 234 that can determine a power consumed by the
processor 202. In such a situation, the processor power test 234 can implement a
calibration process that can employ Equations 1-3 and the corresponding methods
explained herein to a calculate calibration factor, Cracior that can be stored in the memory
218 as calibration factors 236 and a power consumed by the processor 202, Pproc. The
power consumed by the processor 202, Ppoc Can be stored as calculated power 238 in
the memory 218. Moreover, multiple measurements of the power employed by the
processor 202, Pyroc can be stored and time stamped and stored as power history 240,
which can be employed to calculate a power use of the system 200 over a given period
of time in a manner described herein. For instance, the power history 240 can be
provided as a moving time window of power measurements obtained over time. In
some examples, the power history can also include a power efficiency that
characterizes a ratio of power supplied to the Vcore regulator 212 by the power
supply 210 and the calculated power 238 at each of the time stamps, such that a history
of power usage of the processor 202 can be determined. In such a situation the power
supply 210 can also include telemetry circuitry that can communicate with the processor

202 via the communication bus 224. Additionally, the power supply 210 can include a

11



WO 2014/160798 PCT/US2014/031904

voltage sensor and a current sensor that, for example, measure an input or output
voltage and current of the power supply 210.

[0031] Additionally, the power test 204 can include N number of POL power
tests 242, wherein each of the N number of POL power tests 242 includes machine
executable instructions for determining a calculated power for a corresponding POL
226. For instance, in a given example (hereinafter, "the given example"), POL 1 power
test 242 can include machine executable instructions for determining a calculated power
employed by the POL 1. In the given example, POL 1 power test 242 can access POL
test data 244 that characterizes a test measured output voltage, Vpor1-mtout @and a test
measured output current, lpoL1-mtout and/or a measured impedance of the POL 1, Zpoy1.
The POL test data 244 could be stored, for example, with the test data 222 in the local
memory 220 of the processor 202, on the POL 1 or in the memory 218.

[0032] Continuing with the given example, a calibration process for the POL 1
power test 242 can be executed. To execute the calibration process of the POL 1
power test 242, the POL 1 power test 242 can cause the POL 1 to operate in a
predetermined manner. In some situations, the predetermined manner of operation of
the POL 1 can be the execution of a task routine included in the POL test 242, which
can be a series of machine readable instructions (e.g., similar to the test routine
explained with respect to FIG. 2) tailored for the operational characteristics of the
POL 1.

[0033] A task routine could be, for example, a known controlled manipulation of
data, a manipulation of data rate transfer speeds and/or a manipulation of functions
executed by the POL 1. In other situations, such as situations where the POL 1 is an
analog device, the processor 202 can execute a series of instructions that cause the
POL 1 to operate in a known manner. During execution of the calibration process, in
one example, the test measured output current, lpoL 1-mt-out €an be directly compared to a
measured current provided by the voltage regulator 1. In another example, during
execution of the calibration process, a measured output voltage provided by the voltage
regulator 1 for the POL 1, VpoL1-m-out Can be divided by the measured impedance, Zpoy 1
of the POL 1 to determine a determined (e.g., calculated) current for the POL 1, lpop1-g-

out- IN either example, a calibration factor for POL 1, CpoL1-tactor Can be determined by

12
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comparing the measured current provided from the voltage regulator 1 with the
determined current, lpoL1-d-out OF the test measured current, lpoL1-mt-out SINCE lpoL1-mt-out=
lpoL1-g-out- The calibration factor for POL 1, Cpov1-tactor Can be stored with the calibration
factors 236 in the memory 218 to complete the calibration process. Additionally, the
calibration factor for POL 1, CpoL1-factor €an be employed determine a power consumed
by the POL 1, PpoL1 can be determined from Equation 5.

Equation 3: Poor1 = Vpori—m—out * (Crori-factor * lpor1-m-out)

[0034] Moreover, similar to calculation of the power consumed by the
processor 202, Pproc, the power usage of the POL 1, PpoLy can be stored and time
stamped such that a power usage history of the POL 1 can be determined and stored in
the power history 240. Power input into the voltage regulator 1 at the time stamps by
the power supply 210 can stored in the power history such that the power test 204 can
calculate a power efficiency of the POL 1.

[0035] The power usage of POL 2-POL N 226, PpoL2-Ppoin Can be calculated in a
similar manner and time stamped at different instances of time. The total power
consumed by the system 200, Piiq fOr a given instance in time can be determined from

Equation 6:
Equation 6: Piotar = Pproc + Z;zrll Ppori
[0036] Furthermore, the total power consumed by the system 200, Py Can also

be time stamped (with the given instance of time) and stored in the calculated
power 238 and the power history, along with a corresponding power efficiency for the
system 200 can be determined by the power test 204. The power efficiency for the
system 200 can be the ratio of power provided to the power supply 210 and the total
power consumed by the system 200, Piwia at a given instance of time. By tracking the
power history of the system 200 over a set amount of time (e.g., seconds, hours, weeks,
months or years) an accurate power efficiency for the power supply 210 can be
calculated to determine power operational characteristics of the system 200. Moreover,
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the power history can be accurately determined without the need for lossy components
(e.g., a shunt resistor) at current sensors (e.g., the current sensor 216 and/or the
current sensor 230) that could lower the overall power efficiency of the system 200.
Such lossy components in a current sensor, for example can consume about 1-5% of a
signal being measured.

[0037] FIG. 4 illustrates yet another example of a system 250 that includes a
processor configured for calibrating a power test. The system 250 in FIG. 4 and the
system 200 in FIG. 3 are similar and can operate in a similar manner. Thus, the
systems 200 and 250 in FIGS. 3 and 4 employ the same reference numbers to denote
the same elements. Thus, for purposes of simplification of explanation, only the
differences between the systems 200 and 250 illustrated in FIGS. 3 and 4 are explained
in detail. Reference can be made back to FIG. 3 for additional information and context
for common features.

[0038] In place of the current sensors 216 of the Vcore regulator 212 and the
current sensors 230 of the voltage regulators 228 illustrated in FIG. 3, the system 250
can include input side current sensors 252 at each of the N number of voltage
regulators 228 and at the Vcore regulator 212. As noted, the Vcore regulator 212 and
each of the N number of voltage regulators 228 can be implemented as a DC-to-DC
converter. The input side current sensors 252 can measure real-time current at an input
voltage of the power supply (e.g., before a voltage regulator converts the input voltage
to a lower voltage). Each input side current sensor 252 could be implemented, for
example, as a current-shunt monitor. Employment of the input side current sensors 252
can increase the accuracy of the measured current for the Vcore regulator 212 and
each of the N number of voltage regulators 228, thereby increasing the accuracy of the
calculated power for processor 202 and each of the N number of POLs 226.

[0039] Additionally, the system 250 can include a control hub 254 that can
execute the power test 204 in the manner described. The control hub 254 can
communicate with other components of the system via the communication bus 224.
The control hub 254 can be implemented for example, as a communication bus control
hub (e.g., a microcontroller) that can operate independently of the processor, thereby

alleviating the burden of executing the power test 204 at the processor 204.
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Additionally, in some examples, the control hub 254 can be coupled to an external
source, such as a power monitor of a data center that can monitor a plurality of
instances of the system 250.

[0040] FIG. 5 illustrates an example of a data center 270 that can include
K number of systems 272 (e.g., each of the K systems corresponding to the system 2
illustrated in FIG. 1, the system 200 illustrated in FIG. 3 and/or the system 250
illustrated in FIG. 4) that can communicate over a network 274, where K is an integer
greater than or equal to two. The network 274 could be implemented, for example as a
local area network (LAN) a wide area network (WAN) or a combination thereof. In some
examples, the data center 270 can be employed to implement a computer cluster, such
as a cloud computing system, a server farm or a storage area network.

[0041] Each of the K number of systems 272 can process workloads (e.g.,
processes). Moreover, the data center 270 can include a data center controller 275 that
operates a load balancer 276 (e.g., machine executable instructions) that can be
implemented as a computer, such as the system 2 illustrated in FIG. 1, the system 200
illustrated in FIG. 3 and/or the system 250 illustrated in FIG. 4. The load balancer 276
can control which workloads are processed by which of the K number of systems 272.
In some situations, a given system can process multiple workloads concurrently.
Additionally or alternatively, a given workload may be distributed among multiple
systems 272.

[0042] The data center controller 275 can include a power monitor 278. The
power monitor 278 can be implemented as a process (e.g., machine readable
instructions executing on a computer) that can communicate with one or more
processors (e.g., the processor 202 of FIGS. 3 and 4) and/or a control hub (e.g., the
control hub 254 of FIG. 4) at each of the K number of systems 272. The power monitor
278 can receive a power history (e.g., the power history 240 of FIGS. 3 and 4) from
each of the K number of systems 272. The power monitor 278 can track the power
usage and consumption of each of the K number of systems 272, as well as individual
components of the K number of systems 272 (e.g., processors and/or POLs) to
determine an overall power efficiency of the data center 270. Moreover, the load

balancer 276 can adjust the distribution of the workloads to increase the power
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efficiency of the data center 270 based on the calibrated power measurements
determined for each system 272, such as disclosed herein.

[0043] As a further example, FIG. 6 illustrates an example a graph with power
efficiency in percentage (%) plotted as a function of maximum current employable by a
module. The graph can be generated and analyzed, for example, by the power monitor
278 of the data center controller 275. As used herein, the module can represent an
individual component (e.g., a processor or a POL), a combination of components on a
single system (e.g., a processor and one or more POLs) or a data center (e.g., a
plurality of systems 272 that each contain one or more components). The power
efficiency can represent, for example, an amount of power consumed by the module
divided by the total amount of power employed to drive the module. In other examples,
the power efficiency can be calculated in different ways. The graph 300 includes two
plots, an efficiency plot 302 and a histogram 304. The efficiency plot 302 and the
histogram 304 can be plotted for the module.

[0044] The efficiency plot 302 can represent a power efficiency for the module.
Thus, it is readily observable in the illustrated example of FIG. 6, that at a current of
about 55% of the maximum current for the module, that the module has a power
efficiency of about 95%, which point can be referred to as a peak operating efficiency
point, designated at 306. The histogram 304 can represent a percentage of time for a
given time period that the module draws a particular percentage of current and achieves
a specific efficiency percentage. The period of time can represent, for example,
minutes, hours, days, weeks or months. The histogram 304 can be, for example a bell
curve (e.g., Gaussian distribution). In the example illustrated, the histogram 304 has a
normal distribution about mean value 308 with an efficiency of about 92 and a current
draw of about 74% of the maximum current of the module. As illustrated, there is a
deviation indicated by an arrow 310 between the mean of the histogram 304 and the
peak operating efficiency point 306.

[0045] Referring back to FIG. 5, the power monitor 278 can provide data
characterizing the graph 300 for the module to the load balancer 276. The power
monitor 278 can execute a power adjustment process that can cause the load

balancer 276 can modify distribution of the workloads among the K number of systems
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272 to alter the power utilization of the data center 270. Moreover, in some examples,
the power monitor 278 can alter operational characteristics (e.g., a frequency) of a
power supply (e.g., a power supply of the 1-K systems 272, a Vcore regulator or a
voltage regulator) to change the peak operating efficiency point of the module.

[0046] FIG. 7 illustrates an example of a graph 350 that represents the graph 300
illustrated in FIG. 6 after execution of the power adjustment process by the power
monitor 278. As is illustrated, the mean value 308 of the histogram 304 substantially
overlaps the peak efficiency point 306 of the power supply for the module. Thus, an
operating efficiency of the module can be increased such that the overall power costs
associated with operating the module can be reduced. Moreover, as explained with
respect to FIGS. 1-5, each of the K number of systems 272 and the associated
components can provide a relatively accurate power history, such that the graph 300
can closely reflect actual operational characteristics of the module.

[0047] FIG. 8 illustrates an example of a method 400 for determining a power
consumed by a component of a system (e.g., a processor 202 or a POL 226 of FIGS. 3
and 4). The method 400 could be implemented, for example, by the system 2 illustrated
in FIG. 1 and/or the system 200 illustrated in FIG. 3. The example method 400 of
FIG. 8 can be implemented as machine executable instructions. The instructions can
be accessed by a processing resource (e.g., one or more processor cores) and
executed to perform the methods disclosed herein. In some examples, actions of the
method 400 can be executed by a processor of a computer system.

[0048] At 410, test data (e.g., the test data 222 illustrated in FIG3. 3 or 4) can be
received (e.g., by the component or a processor). The test data can include, for
example, data characterizing an impedance of the component and/or a measured test
current of the component during execution of a test routine or a task routine. At 420,
data characterizing an output voltage and an output current provided to the component
can be received (e.g., at the component or the processor), such as provided by a
voltage regulator (e.g., the Vcore regulator 212 or the voltage regulator 228 of FIGS. 3
and 4). At 430, a calibration factor for the component can be determined (e.g., by the
component or the processor). The calibration factor can be determined, for example, by

employing Equations 1-3 during execution of a test routine (e.g., at a processor) or a
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task routine (e.g., at a POL). At 440, a power consumed by the component can be
determined (e.g., by the component or the processor). The power consumed can be
determined based on the calibration factor and the received measured voltage and the
received measured current. At 450, a power history for the component can be
determined (e.g., by the component or the processor). The power history can also be
stored in memory. The power history can include, for example, multiple instances of
determined power consumed by the component as well as a time stamp. In some
examples, determination of the power history can also include determining a power
efficiency of the component based on data provided by a power supply that drives the
component.

[0049] FIG. 9 illustrates an example of a method 500 for managing power
efficiency of a module. The module could be implemented, for example, as a single
component (e.g., a processor 202 or a POL 226 of FIGS. 3 and 4), a system (e.g., the
system 200 or 250 of FIGS. 3 and 4) or a data center (e.g., the data center 270 of FIG.
5). The method 500 could be implemented, for example, by the data center 270
illustrated in FIG. 5. The example method 500 of FIG. 9 can be implemented as
machine executable instructions. The instructions can be accessed by a processing
resource (e.g., one or more processing cores) and executed to perform the methods
disclosed herein. In some examples, actions of the method 500 can be executed by a
data center controller of the data center.

[0050] At 510, a power history for the module can be received (e.g., by the power
monitor 278 of FIG. 5). At 520, a workload distribution can be adjusted (e.g., by the
load balancer 276 of FIG. 5) based on the power history of the module. At 530, power
supply operating characteristics (e.g., a frequency) can be adjusted (e.g., by the power
monitor).

[0051] Those skilled in the art will appreciate that modifications may be made to
the described embodiments, and also that many other embodiments are possible, within
the scope of the claimed invention.
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CLAIMS

What is claimed is:

1. A system comprising:

a processing core configured to execute machine readable instructions; and

memory accessible by the processing core, wherein the memory includes
preprogrammed test data that characterizes one of an impedance of a processor and a
current output to the processor during execution of a test routine, wherein the processor
includes the processing core, wherein the one of the impedance of the processor and
the current output to the processor is based on a power measurement taken during
execution of the test routine, wherein the power measurement is taken with a current

sensor that is at least one of lossy or at least about 98% accurate.

2. The system of claim 1, wherein the memory comprises a plurality of registers
embedded in the processor.

3. The system of claim 1, wherein the test routine comprises a plurality of machine
readable instructions programmed to control power usage by the processor during

execution of the test routine.

4. The system of claim 3, wherein the test routine causes the processor to ramp

power usage over at test time period upon execution.

5. The system of claim 3, wherein the test routine causes the processor to

increment power usage according to a prescribed step size upon execution.

6. The system of claim 3, wherein data identifying the test routine is stored in the
preprogrammed test data.

7. The system of claim 1, wherein the preprogrammed test data includes data

characterizing a clock speed of the processor during execution of the test routine.
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8. The system of claim 1, wherein the power measurement is based on a
measurement of voltage and current provided directly to the processor.

9. The system of claim 1, further comprising:
a voltage core regulator comprising a substantially lossless current senor, the
voltage core regulator being configured to:
provide power to the processor; and
output data that characterizes a real-time current output to the processor

by the voltage core regulator.

10.  The system of claim 9, wherein the memory further comprises:
a power test configured to:
determine a calibration factor for the processor based on the test
data and the real time current provided to the processor; and
determine a calibrated power consumed by the processor based on
the calibration factor and the real-time current provided to the processor.

11.  The system of claim 10, wherein the power test is further configured to determine
a real-time current provided to the processor based on the impedance of the processor
and data provided from the voltage core regulator that characterizes a real-time voltage
output to the processor by the voltage core regulator.

12.  The system of claim 10, wherein the power test is further configured to determine
the calibration factor during execution of the test routine at the processor.

13. The system of claim 10, wherein the voltage core regulator is coupled to a power

supply, the system further comprising:
a voltage regulator coupled to the power supply; and
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a point of load (POL) configured to receive power from the voltage regulator,
wherein the voltage regulator is configured to output data characterizing a real-time
current measurement of current output to the POL,;

wherein the power test is further configured to determine the calibration factor for
the POL that characterizes a deviation between the real-time current measurement and
a current provided to the POL during execution of a task routine, wherein the calibration
factor is determined during execution of the task routine, wherein the task routine
comprises one of a series of instructions executed by the POL and a series of
instructions executed by the processor that cause the POL to operate in a predictable

manner.

14.  The system of claim 13, wherein the POL comprises one of an analog circuit and
a graphical processing unit.

15. The system of claim 13, further comprising an input side current sensor

configured to measure a current input into the voltage regulator.

16. A method comprising:

executing a test routine on a processor that executes machine readable
instructions;

measuring, with a lossy current measuring device, a current provided to the
processor during the test routine, wherein the test routine comprises a plurality of
machine readable instructions; and

storing test data that characterizes the measuring in a memory.

17. The method of claim 16, wherein the test data is stored in a register of the

processor.

18. The method of claim 16, wherein the test data comprises data that characterizes
an impedance of the processor.
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19. A data center comprising:

a plurality of computers that are each configured to store a power history,
wherein a given power history of a given computer of the plurality of computers
comprises a time-stamped instance of a calculated power consumed by the given
computer;

wherein the calculated power is based on a real-time measured current provided
to the given computer and a calibration factor;

wherein the calibration factor is based on test data characterizing one of an
impedance of a processor of the given computer and a current provided to the
processor of the given computer during execution of a test routine by the processor; and

a data center controller configured to adjust a workload assigned to each of the
computers based on the power history of each of the computers.

20. The data center of claim 19, wherein the data center controller is further

configured to adjust an operating characteristic of a power supply coupled to the given
computer based on the power history of the given computer.

22



WO 2014/160798

1/5

PCT/US2014/031904

MEMORY

POWER TEST

| ~20

CALIBRATION FACTOR

| ~22

CALCULATED POWER

24

|12

A

A

A

A

PROCESSOR

8
/

PROCESSING
CORE

6

LOCAL MEMORY

TEST
DATA [™10

A

A

VCORE REGULATOR

VOLTAGE
16-"| SENSOR

18]

CURRENT
SENSOR

FIG. 1

110~ SET CLOCK SPEED

Y

120~

EXECUTE TEST ROUTINE

Y

130~ RECEIVE MEASURED
CURRENT AND VOLTAGE

Y

140-"| MEASURED

DETERMINE
IMPEDANCE

Y

150" STORE TEST DATA

FIG. 2



WO 2014/160798

2/5

PCT/US2014/031904

FIG. 3

200
N\ 218
/
204 MEMORY
't
CALIBRATION
PROC POWER TEST POWER TEST FACTORS
242 ) 242 N
234 y 236
POL 1 POWER TEST | o oo | POL N POWER TEST CALCULATED
POWER
N
240~ POWER HISTORY POL TEST DATA 244 238
1 202
v P
Vcorg REGULATOR PROCESSOR 2/20
216~ CURRENT
SENSOR - PROCESSING LOCAL MEMORY
VOLTAGE o TEST ~_
206 DATA 222
214-"| SENSOR —
/ A A
212 Y
> COMMUNICATION BUS
: : ™-224
Y Y
VOLTAGE REG 1 VOLTAGE REG 1
CURRENT CURRENT
SENSOR SENSOR
232 N [°eo| 232
\ 230 \ 230
VOLTAGE VOLTAGE
SENSOR SENSOR
y \ A \
POWER SUPPLY 2 278 278
210 °



WO 2014/160798

3/5

PCT/US2014/031904

250
\\ 218
/
204 MEMORY
™
CALIBRATION
PROC POWER TEST POWER TEST FACTORS
242 ) 242 N
C 234 y 236
POL 1 POWER TEST | o oo | POLN POWER TEST CALCULATED
POWER
\
240~I"power HisToRY | [ PoL TEST DATA |~ 244 238
A
I_ 254
CONTROLHUB |«
212 202
\, Y Y
PROCESSOR 2/20
V org REGULATOR >
PROCESSING LOCAL MEMORY
CORE
INPUT SIDE 206 TEST | ~222
CURRENT SENSOR U0 DATA
/o u
252 Y
- COMMUNICATION BUS -
: : N-224
Y Y
| VOLTAGE VOLTAGE |
228 REG 1 REG.N ™-228
INPUT SIDE 0o INPUT SIDE
1 CURRENT CURRENT +_
252 SENSOR SENSOR 252
A A
POWER SUPPLY o
210 °

FIG. 4



PCT/US2014/031904

WO 2014/160798

4/5
270
272 272
™ N /
SYSTEM 1 coo SYSTEM K
A Y
275
//
DATA CENTER CONTROLLER
276" LOAD BALANCER
278 Vs POWER MONITOR
FIG. 5
310

303‘
F—Lﬁ/sos

100%

100%
| // N\
_ |
80% | [\
/ \
60% / ‘
POWER ¢ | \
EFFICIENCY _/II \\
0,
% 400 - 3047 \
lI ‘\
20% - / \
/ \
0% T T
0% 20% 40% 60% 80%
CURRENT (% OF MAXIMUM)

FIG. 6



WO 2014/160798

350

100%
80%

POwer 0% 7
EFFICIENCY

[
(%) 40%

20%

5/5

PCT/US2014/031904

0% T
0% 20%

T
40%

T
60% 80%

|
100%

CURRENT (% OF MAXIMUM)
FIG. 7
40\0‘ '5/00
410~]  RECEIVE TEST DATA RECEIVE POWER HisToRY |~ 210
\ \
420~ RECEIVE OUTPUT ADJUST WORKLOAD | ~520
VOLTAGE AND CURRENT DISTRIBUTION
Y \
430~ DETERMINE ADJUST POWER SUPPLY
CALIBRATION FACTOR OPERATING 530
1 CHARACTERISTICS
DETERMINE POWER
440" CONSUMED FIG. 9
Y
DETERMINE
450" POWER HISTORY

FIG. 8



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings

