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(57) Abstract: A method and system for optimizing a core
voltage level of a portable computing device ("PCD") and
enhancing frequency performance of individual subcompon-
ents are disclosed. A plurality of voltage values is determ-
ined for a plurality of subcomponents within the PCD. Next,
a reduced set of voltage values may be calculated with a
voltage aggregator based on the plurality of voltage values.
An optimized voltage level for a shared power domain may
then be determined by a voltage optimizer within the PCD
from the reduced set of voltage values. A shared power do -
main may then be set to the optimized voltage level. Sub-
sequently, an operating frequency of each subcomponent
may be optimized with a frequency performance enhancer
based on the optimized voltage level. An optimal power col-
lapse duration may also be calculated by the frequency per-
formance enhancer and set for each subcomponent from the
optimal frequency.
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METHOD AND SYSTEM FOR OPTIMIZING A CORE VOLTAGE
LEVEL AND OPERATING FREQUENCY OF INDIVIDUAL
SUBCOMPONENTS FOR REDUCING POWER CONSUMPTION
WITHIN A PORTABLE COMPUTING DEVICE

RELATED APPLICATIONS STATEMENT

[0001]  This application is a non-provisional of and claims priority under 35 U.S.C.
§119(e) to U.S. Provisional Patent Application Serial No. 61/907,382, filed on
November 21, 2013, entitled, “METHOD AND SYSTEM FOR OPTIMIZING A
CORE VOLTAGE LEVEL OF A PCD AND ENHANCING FREQUENCY
PERFORMANCE OF INDIVIDUAL SUBCOMPONENTS IN ORDER TO REDUCE
POWER CONSUMPTION WITHIN THE PCD,” the entire contents of which is hereby

incorporated by reference.

DESCRIPTION OF THE RELATED ART

[0002] Portable computing devices (“PCDs’) are becoming necessities for people on
personal and professional levels. These devices may include cellular telephones,
portablc digital assistants ("PDAS’’), portablc gamc consolcs, palmtop computcrs, and
other portable electronic devices.

[0003] Because PCDs are becoming necessities for people, optimal performance in
terms of having sufficient energy to operate a PCD between recharging periods may be a
significant factor from a user’s perspective. Sufficient energy to operate a PCD on
battery power is often dictated by the device’s power consumption. And each
subcomponent of a PCD, such as a camera and mobile display within a battery-powered
PCD, ultimately consumes power and contributes to the overall power consumption and
performance of the PCD.

[0004] One problem with conventional PCDs is that the highest voltage desired by a
subcomponent of a PCD with the heaviest workload determines the voltage level of the
entire PCD and its other subcomponents. This results in an electrical current leakage
increase in those subcomponents which did not need the higher voltage requested by the
single component with the heaviest workload.

[0005] For example, supposc a subcomponent of a PCD, like a camera, requests an
increase in voltage because of spike in its workload. Meanwhile, other subcomponents

of the PCD, such as the mobile display, internal circuit bus, and video encoder may not
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need an increase in their voltage. The increase in the voltage for these other
subcomponents which do not have a heavy work load, compared to the camera with the
heavy workload, results in significant electrical current leakage from these light
workload components and hence, significant power loss from these light workload
components for the PCD.

[0006] Accordingly, what is needed in the art is a method and system for optimizing a
corc voltage Icvel of a PCD whilc cnhancing frequency performance of individual

subcomponents in order to reduce power consumption within the PCD.

SUMMARY OF THE DISCLOSURE
[0007] A method and system for optimizing a core voltage level of a portable
computing device (“PCD”) and enhancing frequency performance of individual
subcomponents are disclosed. A plurality of voltage values is determined for a plurality
of subcomponents within the PCD. Next, a reduced set of voltage values may be
calculated with a voltage aggregator based on the plurality of voltage values. An
optimized voltage level for a sharcd power domain may then be determined by a voltage
optimizer within the PCD from the reduced set of voltage values. A shared power
domain may then be set to the optimized voltage level. Subsequently, an operating
frequency of each subcomponent may be optimized with a frequency performance
enhancer based on the optimized voltage level. An optimal power collapse duration
may also be calculated by the frequency performance enhancer and set for each
subcomponent from the optimal frequency.
[0008] Each subcomponent of the PCD may comprise at least one of a camera, a
display, a communication bus, a video coder, a video decoder, and a signal processor.
The frequency performance enhancer may also estimate leakage power of a
subcomponent based on at least one of temperature and the optimized voltage level.
The frequency performance enhancer may also calculate any one of the following: a
present workload of a subcomponent; a minimum operating frequency required to
process the present workload; an ideal operating frequency available based on the
optimized voltage level; and a maximum operating frequency available based on the

optimized voltage level.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0009] In the figures, like reference numerals refer to like parts throughout the various
views unless otherwise indicated. For reference numerals with letter character
designations such as “102A” or “102B”, the letter character designations may
differentiate two like parts or elements present in the same figure. Letter character
designations for reference numerals may be omitted when it is intended that a reference
numcral to cncompass all parts having the same rcference numeral in all figurces.
[0010] FIG. 1A is a functional block diagram illustrating an embodiment of a portable
computing device (“PCD”);
[0011] FIG. 1B is a front view of an exemplary embodiment of a portable computing
device such as a mobile phone;
[0012] FIG. 2 is a functional block diagram illustrating an exemplary system for
optimizing a core voltage level of a PCD and enhancing frequency performance of
individual subcomponents in order to reduce power consumption within the PCD;
[0013] FIG. 3A is a logical flowchart illustrating a method for optimizing a core
voltage Icvel of a PCD and cnhancing frequency performance of individual
subcomponents in order to reduce power consumption within the PCD; and
[0014] FIG. 3B is a logical flowchart illustrating a submethod or routine of the
method of FIG. 3A for optimizing the operating frequency of subsystems and
optimizing power collapse duration of subsystems within the PCD.
[0015] FIG. 4 is an illustration of two graphs useful in a power collapse duration

calculation by a respective frequency performance enhancer module.

DETAILED DESCRIPTION
[0016] The word “exemplary” is used herein to mean “serving as an example, instance,
or illustration.” Any aspect described herein as “exemplary” is not necessarily to be
construed as preferred or advantageous over other aspects.
[0017] In this description, the term “application” may also include files having
executable content, such as: object code, scripts, byte code, markup language files, and
patches. In addition, an “application” referred to herein, may also include files that are
not executable in nature, such as documents that may need to be opened or other data
files that need to be accessed.
[0018] The term “content” may also include files having executable content, such as:

object code, scripts, byte code, markup language files, and patches. In addition,

-3-



WO 2015/080982 PCT/US2014/066956

"content" referred to herein, may also include files that are not executable in nature,
such as documents that may need to be opened or other data files that need to be
accessed.

2% ¢

[0019] As used in this description, the terms “component,” “database,” “module,”
“system,” and the like are intended to refer to a computer-related entity, either
hardware, firmware, a combination of hardware and software, software, or software in
cxccution. For cxamplc, a component may be, but is not limited to being, a process
running on a processor, a processor, an object, an executable, a thread of execution, a
program, and/or a computer. By way of illustration, both an application running on a
computing device and the computing device may be a component. One or more
components may reside within a process and/or thread of execution, and a component
may be localized on one computer and/or distributed between two or more computers.
In addition, these components may execute from various computer readable media
having various data structures stored thercon. The components may communicate by
way of local and/or remote processes such as in accordance with a signal having one or
morc data packets (e.g., data from onc componcnt intcracting with another component
in a local system, distributed system, and/or across a network such as the Internet with
other systems by way of the signal).

EE NS

[0020] In this description, the terms “communication device,” “wireless device,”

29 <c

“wireless telephone,” “wireless communication device,” and “wireless handset™ are
used interchangeably. With the advent of third generation (“3G”) and fourth generation
(-4G”) wireless technology, greater bandwidth availability has enabled more portable
computing devices with a greater variety of wireless capabilities.

[0021] In this description, the term “portable computing device” (“PCD”) is used to
describe any device operating on a limited capacity power supply, such as a battery.
Although battery operated PCDs have been in use for decades, technological advances
in rechargeable batteries coupled with the advent of third generation (“3G’) wireless
technology, have enabled numerous PCDs with multiple capabilities. Therefore, a PCD
may be a cellular telephone, a satellite telephone, a pager, a PDA, a smartphone, a
navigation device, a smartbook or reader, a media player, a combination of the
aforementioned devices, and a laptop computer with a wireless connection, among
others.

[0022] Referring to FIG. 1A, this figure is a functional block diagram of an

exemplary, non-limiting aspect of a PCD 100 in the form of a wireless telephone for
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implementing methods and systems for optimizing a core voltage level of the PCD 100
and enhancing frequency performance of individual subcomponents in order to reduce
power consumption within the PCD 100. As shown, the PCD 100 includes an on-chip
system 102 that includes a multi-core central processing unit (“CPU”’) 110 and an
analog signal processor 126 that are coupled together. The CPU 110 may comprise a
zeroth core 222, a first core 224, and an Nth core 230 as understood by one of ordinary
skill in the art. Instcad of a CPU 110, a digital signal proccssor (“DSP”’) may also be
employed as understood by one of ordinary skill in the art.

[0023] The CPU 110 may also be coupled to one or more internal, on-chip thermal
sensors 157A-B as well as one or more external, off-chip thermal sensors 157C. The
on-chip thermal sensors 157A-B may comprise one or more proportional to absolute
temperature (“PTAT”) temperature sensors that are based on vertical PNP structure and
are usually dedicated to complementary metal oxide semiconductor (“CMOS”) very
large-scale integration (“VLSI”) circuits. The off-chip thermal sensors 157C may
comprise one or more thermistors. The thermal sensors 157 may produce a voltage
drop (and/or a currcnt) that is converted to digital signals with an analog-to-digital
converter (“ADC”) (not illustrated). However, other types of thermal sensors 157 may
be employed without departing from the scope of the invention.

[0024] The PCD 100 of FIG. 1A may include an enhanced voltage aggregator 103
that is coupled to/and or is running on the CPU 110. The enhanced voltage aggregator
103 may comprise hardware, software, firmware, or a combination thercof. A voltage
optimizer 101 may be coupled to/logically coupled to the enhanced voltage aggregator
103. Similar to the enhanced voltage aggregator 103, the voltage optimizer 101 may
comprise hardware, software, firmware, or a combination thereof.

[0025] The enhanced voltage aggregator 103 may be responsible for collecting
voltage “votes” from various subcomponents on the chip 102 and off-chip 102. After
aggregating the voltage “votes,” the enhanced voltage aggregator 103 may narrow or
refine the voltage “votes™ and send its output to the voltage optimizer 101. The voltage
optimizer determines the optimal core voltage level for the PCD 100 and sends this
optimal core voltage level to a power management integrated circuit (“PMIC”) 107.
Further details of the enhanced voltage aggregator 103 and voltage optimizer 101 will
be described in more detail below in connection with FIG. 2.

[0026] Frequency performance enhancer modules 203, which may exist in each

subsystem such as the camera subsystem 148, mobile display 128, 130 etc., may
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monitor the actual and present voltage level of the PCD 100. Each frequency
performance enhancer module 203 may adjust the operating frequency of its respective
subsystem as will be described below.

[0027] In a particular aspect, one or more of the method steps described herein may
be implemented by executable instructions and parameters, stored in the memory 112,
that may form software embodiments of the enhanced voltage aggregator 103, voltage
optimizer 101, and frequency performance cnhancer module 203. Thesc instructions
that form the enhanced voltage aggregator and voltage optimizer module(s) 101, 103 as
well as the frequency performance enhancer module 203 may be executed by the CPU
110, the analog signal processor 126, or any other processor. Further, the processors,
110, 126, the memory 112, the instructions stored therein, or a combination thereof may
serve as a means for performing one or more of the method steps described herein.

[0028] The PMIC 107 may be responsible for distributing power to the various
hardware components present on the chip 102. The PMIC is coupled to a power supply
180. The power supply 180, may comprise a battery and it may be coupled to the on-
chip systcm 102. In a particular aspcct, thc power supply may includc a rechargcablc
direct current (“DC”’) battery or a DC power supply that is derived from an alternating
current (““AC”) to DC transformer that is connected to an AC power source.

[0029] As illustrated in FIG. 1A, a display controller 128 and a touchscreen controller
130 are coupled to the multi-core processor 110. A touchscreen display 132 external to
the on-chip system 102 is coupled to the display controller 128 and the touchscreen
controller 130.

[0030] FIG. 1A is a schematic diagram illustrating an embodiment of a portable
computing device (PCD) that includes a video decoder 134. The video decoder 134 is
coupled to the multicore central processing unit (“CPU”’) 110. A video amplifier 136 is
coupled to the video decoder 134 and the touchscreen display 132. A video port 138 is
coupled to the video amplifier 136. As depicted in FIG. 1A, a universal serial bus
(“USB”) controller 140 is coupled to the CPU 110. Also, a USB port 142 is coupled to
the USB controller 140. A memory 112 and a subscriber identity module (SIM) card
146 may also be coupled to the CPU 110.

[0031] Further, as shown in FIG. 1A, a digital camera or camera subsystem 148 may
be coupled to the CPU 110. In an exemplary aspect, the digital camera/cameral
subsystem 148 is a charge-coupled device (“CCD”’) camera or a complementary metal-

oxide semiconductor (“CMOS”’) camera.
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[0032]  As further illustrated in FIG. 1A, a stereo audio CODEC 150 may be coupled
to the analog signal processor 126. Moreover, an audio amplifier 152 may be coupled
to the stereo audio CODEC 150. In an exemplary aspect, a first stereco speaker 154 and
a second sterco speaker 156 are coupled to the audio amplifier 152. FIG. 1A shows that
a microphone amplifier 158 may be also coupled to the stereo audio CODEC 150.
Additionally, a microphone 160 may be coupled to the microphone amplifier 158.

[0033] In a particular aspcct, a frequency modulation (“FM”) radio tuncr 162 may be
coupled to the stereo audio CODEC 150. Also, an FM antenna 164 is coupled to the
FM radio tuner 162. Further, sterco headphones 166 may be coupled to the sterco audio
CODEC 150.

[0034] FIG. 1A further indicates that a radio frequency (“RF”) transceiver 168 may
be coupled to the analog signal processor 126. An RF switch 170 may be coupled to the
RF transceiver 168 and an RF antenna 172. As shown in FIG. 1A, a keypad 174 may be
coupled to the analog signal processor 126. Also, a mono headset with a microphone
176 may be coupled to the analog signal processor 126. Further, a vibrator device 178
may bc coupled to the analog signal proccssor 126.

[0035] As depicted in FIG. 1A, the touchscreen display 132, the video port 138, the
USB port 142, the camera 148, the first stereo speaker 154, the second stereo speaker
156, the microphone 160, the FM antenna 164, the stereo headphones 166, the RF
switch 170, the RF antenna 172, the keypad 174, the mono headset 176, the vibrator
178, thermal sensors 157B, and the power supply 180 are external to the on-chip system
102.

[0036] Referring now to FIG. 1B, this figure is a front view of one exemplary
embodiment of a portable computing device (“PCD”) 100 such as a mobile phone. The
PCD 100 has a large touchscreen 132 in its mid-section and smaller keypad/buttons 174
near a lower, first end of the device 100. A “frontward/user” facing camera 148 may be
positioned near a top, second end of the device 100. While a touchscreen type mobile
phone 100 has been illustrated, other mobile phone types are possible and are within the
scope of this disclosure, such as mobile phones 100 that have dedicated key boards
which may be placed in a fixed position or which may be slideable inward (in a hidden
position) and outward (in a visible/usable position) relative to the device 100.

[0037] FIG. 2 is a functional block diagram illustrating an exemplary system 104 for
optimizing a core voltage level of a PCD 100 and enhancing frequency performance of

individual subcomponents (i.e., such as a camera subsystem 148, mobile display 128,
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130, video codec 134, etc.) in order to reduce power consumption within the PCD 100.
The system 104 may comprise the camera subsystem (“CAMSS”) 148, the mobile
display (“MDP*") 128, 130, a system communication bus 220, a video codec 134, and
other subsystems N within the mobile device 100 (i.c., such as, but not limited to,
analog signal processor 126).

[0038] Each of these subsystems (CAMSS 148; MDP 128, 130; BUS 220; CODEC
134; ctc.) through thc N subsystem arc (logically and/or dircctly) coupled to the
enhanced voltage aggregator 103. The enhanced voltage aggregator 103 is (logically
and/or directly) coupled to the voltage optimizer 101.

[0039]  The voltage optimizer 101 provides an optimum voltage level 215 as output
which will generally correspond to a core voltage plan 201. The core voltage plan 201
may comprise a plurality of voltage levels, such as a first level (Level 1), a second level
(Level 2), a third level (Level 3), and a fourth level (Level 4) where the lower levels
comprise less voltage and the higher levels comprise greater voltage. For example, the
fourth level (Level 4) may closely track a “turbo” mode of operation for the mobile
device 100 as undcerstood by onc of ordinary skill the art. The number and magnitude of
the voltage levels may be increased or decreased and are well within the scope of this
disclosure as understood by one of ordinary skill the art These individual voltage levels
for the core voltage plan 201 may be selected based on the optimized voltage level 215
which is generated by the voltage optimizer 101.

[0040] Each of the subsystems -- usually a CPU within a respective subsystem
(CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.) may generate a plurality of
voltage votes 205 which are transmitted to the enhanced voltage aggregator 103. The
voltage votes 205 may comprise a required voltage level (V_req), an optimum voltage
level (V_opt), and a maximum voltage level (V_limit). The maximum voltage level
(V_limit) may comprise the maximum voltage available under the present power budget
or clectrical voltage constraint of the subsystem. The required voltage level (V_req)
may comprise a minimum voltage required to run a particular subsystem at a minimum
frequency level for its current workload. It is noted that, in some exemplary
embodiments, the maximum voltage level (V_limit) may not be permitted to be
selected/changed/voted upon by each subsystem.

[0041] Meanwhile, the optimum voltage level (V_opt) may comprise the voltage level
for the most energy-efficient frequency based on the current temperature of the

subsystem and its corresponding leakage current. As understood by one of ordinary
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skill the art, leakage current generally comprises a supply current (“Idd’’) measured in
the quiescent (Q) state (when a circuit/chip is not switching and inputs are held at static
values) and hence it abbreviation (“IDDQ”). To determine the optimal voltage level
(V_opt), each subsystem may utilize either a power model 207 stored within each
system or a lookup table (not illustrated) which is stored in each subsystem. Each
power model 207 or the lookup table may comprise leakage current values (“IDDQ”),
tecmperaturc valucs, frequency valucs, and an output powcr cstimatc. Each subsystcm
reviews its power model 207 or lookup table in order to determine its optimum voltage
level (V_opt).

[0042] Once each subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134,
etc.) determines its three voltage votes 205, each transmits its three separate votes to the
enhanced voltage aggregator 103. The enhanced voltage aggregator 103 summarizes or
aggregates the votes 205 such that a single set 210 of three core (““CX’’) voltage votes
comprising a single required core voltage level (CX V_req), a single optimum core
voltage level (CX V_opt), and a single maximum core voltage level (CX V_limit) are
communicatcd to the voltage optimizer 101.

[0043] To determine the required core voltage level (CX V_req), the enhanced
voltage aggregator 103 determines this value according to the following equation:

[0044] CX V_req=max(V_reql, V_req2, ..., V_req(n) ) [EQ1]

[0045]  where the enhanced voltage aggregator 103 takes the maximum value of all
available subsystem core voltage levels (V req).

[0046] Similarly, to determine the maximum core voltage level (CX V_limit),
enhanced voltage aggregator 103 determines this value according to the following
equation:

[0047] CX V_limit = min(V_limitl, V_limit2, ..., V_limit(n) ) [EQZ2]

[0048] where the enhanced voltage aggregator 103 takes a minimum value of all
available subsystem maximum voltage levels (V_limit).

[0049]  To determine the optimum core voltage level (CX V_opt), the enhanced
voltage aggregator 103 determines this value according to the following equation:
[0050] CX V_opt = function(V_optl, V_opt2, ..., V_opt(n) ) [EQ3]

[0051] where this value derived from a function that incorporates all of the available
subsystem optimum voltage levels (V_opt). This function may comprise a weighted

average with power consumption of each subsystem as the weight value or a value with
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the minimum MSE (Mean Squared Error). However, other functions may be used as
understood by one of ordinary skill in the art.

[0052] After receiving the single set 210 of three core (“CX’’) voltage votes, the
voltage optimizer 101 narrows down the single set 210 to a single, optimized core
voltage (V_opt prime’) 215. The voltage optimizer 101 narrows down the single set
210 of voltage votes to the core voltage (V_opt prime’) by determining the voltage
closcst to the optimum corc voltage level (CX V_opt) which is within a range dcfined
by the required core voltage level (CX V_req) and maximum core voltage level (CX
V_limit).

[0053] The voltage optimizer 101 then transmits a single, optimized core voltage
(V_opt prime’) 215 to the core voltage plan selector module 201. The core voltage plan
selector module 201 selects one of the predetermined voltage levels of the voltage plan
which is closest to (V_opt prime’) 215. This selection by the core voltage plan selector
module 201 becomes the core voltage 220 for the entire PCD 100 and is communicated
to the power management integrated circuit (PMIC) 107.

[0054] In somc cxemplary cmbodiments, scveral different voltage domains may co-
exist within a PCD 100. This means that certain sub-components in the PCD 100 may
run at different and independent voltage levels relative to each other and there may exist
a voltage optimizer for each set of sub-components such that multiple voltage
optimizers 101 may exist within the PCD 100.

[0055] The core voltage plan selector module 201 has been illustrated with dashed
lines to indicate that this module 201 is optional. In some exemplary embodiments, the
functions/operations of core voltage plan selector module 201 may be performed by the
voltage optimizer 101 and, therefore, the core voltage plan selector module 201 may be
eliminated as understood by one of ordinary skill the art.

[0056] Once the core voltage 220 has been established, frequency performance
enhancer modules 203, which may exist in each subsystem such as the camera
subsystem 148, mobile display 128, 130 etc., may monitor the actual and present
voltage level of the PCD 100 as indicated by a monitoring line 225 (which is only
conceptual/logical and not a physical line within PCD 100). Each frequency
performance enhancer module 203 may monitor the temperature of its subsystem with
thermal sensors 157 in parallel with monitoring the present voltage level of the PCD

100 as indicted by the conceptual monitoring line 225.
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[0057] Each frequency performance enhancer module 203 may then estimate the
leakage power for its subsystem based on the monitored voltage and current temperature
of a respective subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; ctc.).
Once the leakage power has been estimated for a respective subsystem, the frequency
performance enhancer module 203 may optimize the operating or actual frequency
(F_act) of the subsystem as well as the power collapse duration of the subsystem based
on this cstimatcd Icakage powcr in order to maximize the cnergy cfficiency at the
present voltage level being measured. The optimized operating or actual frequency
(F_act) is usually the most energy-efficient operating frequency at the given or present
core voltage level. The frequency performance enhancer module 203 may access a
table to determine the most efficient F_act. See Table 1 below which lists available
frequencies at a give voltage level for a particular subsystem (CAMSS 148; MDP 128,
130; BUS 220; CODEC 134; ctc.). In this exemplary Table 1, the values presented are
ones for a mobile display processor 128 subsystem. Each subsystem would have its
own table/entries as understood by one of ordinary skill in the art. The frequency
performance ecnhancer module 203 may perform calculations using the available
frequencies at a present voltage level for a subsystem listed in a respective table for a
respective subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.).

TABLE 1 - FREQUENCY RANGE - VOLTAGE TABLE FOR FREQUENCY
ENHANCER MODULE 203

Frequency range supported by
Max Subsystem at the designated
Subsystem Voltage Frequency voltage level
Mobile Display
Processor 128 0.7V 75MHz | 0~75 MHz
Mobile Display
Processor 128 0.7875V 150MHz | 76~150 MHz
Mobile Display 0.9v 320MHz | 151~320 MHz
Processor 128
Mobile Display
Processor 128 1v 400MHz | 321~400 MHz

[0058] For example, the frequency performance enhancer model 203 may step up or

step down the operating frequency for a particular subsystem of the PCD 100. Such an
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adjustment in operating frequency may minimize leakage power consumed by an
individual subsystem of the PCD 100 as understood by one of ordinary skill the art.
[0059] In order to optimize the operating or actual frequency (F_act) of a subsystem
(CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; ctc.), the frequency performance
enhancer module 203 of a respective subsystem may find the highest possible frequency
that a subsystem can run at the given voltage level from the PMIC 107 and the longest
duration of powcr collapsc in order to utilizc any additional voltage margin on the
shared power domain and minimize the leakage during idle time. The highest possible
frequency may then be set as the optimized operating or actual frequency (F_act).

[0060]  To find the highest possible frequency (F_act), the frequency performance
enhancer module 203 may assess anyone of the following exemplary subsystem
frequency parameters 209: (a) a present workload for the subsystem (workload); (b) the
minimum operating frequency required to process the present workload (F_req); (¢) the
most energy-efficient (ideal) operating frequency available within the core voltage
range (F_opt); and (d) and the maximum operating frequency available under the given
powcr budgct and/or voltage limits (F_limit).

[0061] In one exemplary embodiment, cach frequency performance enhancer module
203 may assess the F_req, F_opt, and F_limit. The enhancer module 203 may set F_act
higher than F_req value. The F_act usually should be lower than F_limit value from the
subsystems (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.). Within the
range, F_act may be set by the frequency performance enhancer module 203 to the
maximum frequency possible in the present voltage level of its respective subsystem to
minimize the active (execution) time.

[0062] Referring now to FIG. 3A, this figure is a logical flowchart illustrating a
method 300 for optimizing a core voltage level of a PCD 100 and enhancing frequency
performance of individual subsystems within the PCD 100 in order to reduce power
consumption within the PCD 100. Block 305 is the first step of method 300. In block
305, each subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.) within
the PCD 100 may determine static information. Such static information may include
present levels of leakage current (IDDQ) within a respective subsystem.

[0063] Next, in block 310, each subsystem -- usually a CPU within a respective
subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; ctc.) may assess

dynamic information within the PCD 100. Such dynamic information may include, but
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is not limited to, present temperature of each subsystem as well as the present workload
of each subsystem.

[0064] In block 315, each subsystem -- usually a CPU within a respective subsystem
(CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.) may calculate a plurality of
voltage values which correspond with the voltage votes 205 described above in
connection with FIG. 2. Specifically, each subsystem may calculate at least three
diffcrent voltage valucs comprising a required voltage level (V_req), an optimum
voltage level (V_opt), and a maximum voltage level (V_limit).

[0065]  Next, in block 320, the enhanced voltage aggregator 103 receives the plurality
of voltage votes 205 from each of the subsystems (CAMSS 148; MDP 128, 130; BUS
220; CODEC 134; etc.) within the PCD 100. As described above in connection with
FIG. 2, the enhanced voltage aggregator 103 summarizes or aggregates the voltage
votes 205 such that a single set 210 of three core (“CX”’) voltage votes comprising a
single required core voltage level (CX V_req), a single optimum core voltage level (CX
V_opt), and a single maximum core voltage level (CX V_limit) are communicated to
the voltage optimizer 101.

[0066] Subsequently, in block 325, the voltage optimizer 101 may determine a single,
optimized core voltage (V_opt prime’) 215 as described above in connection with FIG.
2 which is the energy-efficient voltage level for the shared power domain across the
PCD 100. Next, in decision block 327, the voltage optimizer 101 determines if the
present voltage level is higher than the single core voltage (V_opt prime’) that was
calculated in block 325. If the inquiry to decision block 327 is negative, then the “NO”
branch is followed to block 330.

[0067] If the inquiry to decision block 327 is positive, then the “YES” branch is
followed to routine block 329. In routine or submethod block 329, the operating
frequency of each subsystem may (CAMSS 148; MDP 128, 130; BUS 220; CODEC
134; etc.) then be optimized with the frequency performance enhancer 203. Further, in
this routine block 329, each frequency performance enhancer 203 may also optimize the
power collapse duration for its respective subsystem in accordance with the optimized
frequency. This optimization of operating frequency and power collapse duration may
minimize leakage power for each subsystem within the PCD 100. Further details of
routine block 329 will be described below in connection with FIG. 3B. This routine
block 329 allows the frequency to be adjusted to optimized values for the voltage

determined in step 325 prior to the voltage change in step 330.
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[0068]  In block 230, the voltage optimizer 101 may communicate the optimized core
voltage (V_opt prime’) 215 to the core voltage plan selector module 201. The core
voltage plan selector module 201 may then select from one of a plurality of
predetermined voltage levels (i.e. Level 1, Level 2, Level 3, Level 4, etc.) corresponding
to the optimized core voltage (V_opt prime’) 215. As noted above, alternatively, the
voltage optimizer 101 may select the voltage level instead of the core voltage plan
sclector module 201 if the core voltage plan sclector module 201 is not provided. The
selected voltage level becomes the shared power domain voltage level for the entire
PCD 100.
[0069] After the shared power domain voltage level has been set in block 330, then in
routine or submethod block 335, the operating frequency of each subsystem may
(CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; ctc.) then be optimized with the
frequency performance enhancer 203 only if the voltage is going up. In other words, if
decision block 327 is negative, the "NO" branch was followed, then this routine block
335 may be skipped as the frequency optimization would already have been performed
in routinc block 329. Furthcer, in this routinc block 335, cach frcquency performance
enhancer 203 may also optimize the power collapse duration for its respective
subsystem in accordance with the optimized frequency. This optimization of operating
frequency and power collapse duration may minimize leakage power for each
subsystem within the PCD 100.
[0070] As described above in connection with FIG. 2, each subsystem of the PCD 100
may be provided with a frequency performance enhancer 203 which may comprise
hardware, software, and/or a combination thercof. Each frequency performance
enhancer 203 of a respective subsystem may perform a few different calculations in
order to optimize its operating frequency and to calculate its optimal power collapse
duration. Further details of this routine block 335 will be described below in connection
with FIG. 3B.
[0071] After routine block 335, in block 340, each subsystem will continue
processing its respective workload for a predetermined duration. Subsequently, in
decision block 345, each subsystem -- usually a CPU within a respective subsystem
(CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.) may then determine if its
workload has changed, since a change in workload may impact what is the optimal
operating frequency and optimal voltage for the shared power domain within the PCD
100.
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[0072] If the inquiry to decision block 345 is negative, then the “NO” branch is
followed back to block 340. If the inquiry to decision block 345 is positive, then the
“YES” branch is followed back to block 310.

[0073] Referring now to FIG. 3B, submethod or routine 229, 335 of the method 300
of FIG. 3A for optimizing the operating frequency of subsystems and optimizing power
collapse duration of subsystems within the PCD 100. Block 350 is the first block of
submcthod or routinc 335. In block 350, cach frequency performance cnhancer 203 of
a respective subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; ctc.)
may estimate its leakage power based on its present temperature as measured by thermal
sensors 157 and the present voltage which was established in block 330.

[0074]  Next, in decision block 355, each frequency performance enhancer 203 may
determine if its leakage power estimate for its respective subsystem (CAMSS 148; MDP
128, 130; BUS 220; CODEC 134; ctc.) is greater than a set or predetermined threshold.
This set or predetermined threshold of leakage power may be statically set or
dynamically set as desired by a manufacture of the PCD 100.

[0075] If the inquiry to dccision block 355 is ncgative, then the “NO” branch is
followed and the sub method 335 returns to either block 329 or 340 of FIG. 3A. If the
inquiry to decision block 355 is positive, then the “YES” branch is followed to block
360.

[0076] In block 360, the frequency performance enhancer 203 of each respective
subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; ctc.) may determine
the present workload of a respective subsystem. Next, in block 365, the frequency
performance enhancer module 203 of a respective subsystem may find the highest
possible frequency that a subsystem may run at the given voltage level from the PMIC
107 and the longest duration of power collapse in order to utilize any additional voltage
margin on the shared power domain and minimize the leakage during idle time. Further
details of block 365 will be described below in connection with FIG. 4. In block 370,
the highest possible frequency may then be set by the frequency performance enhancer
module 203 as the optimized operating or actual frequency (F_act) based on this power
collapse duration. The method then returns to either block 329 or 340 of FIG. 3A.
[0077] In one exemplary embodiment and in addition to the power collapse duration
calculation in block 365, each frequency performance enhancer module 203 in block
365 may assess the F_req, F_opt, and F_limit calculated by each subsystem (CAMSS
148; MDP 128, 130; BUS 220; CODEC 134; ctc.). As described above, the frequency
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performance enhancer module 203 may access a table to determine the most efficient
F act. See Table 1 above which lists available frequencies at a give voltage level for a
particular subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.). In
this exemplary Table 1, the values presented are ones for a mobile display processor 128
subsystem. F_act may be set by the enhancer module 203 higher than F_req value. The
frequency performance enhancer module 203 will usually set the F_req value lower than
the F_limit valuc from the other subsystcms. Within the range, the cnhancer modulce
may set F_act to the maximum frequency possible in the present voltage level of its
respective subsystem (CAMSS 148; MDP 128, 130; BUS 220; CODEC 134; etc.) to
minimize the active (execution) time.

[0078] Referring now to FIG. 4, this figure is an illustration of two graphs 365A-B
useful in a power collapse duration calculation by a respective frequency performance
enhancer module 203. As noted above, in block 365 of FIG. 3B, the frequency
performance enhancer module 203 of a respective subsystem may find the highest
possible frequency that a subsystem can run at the given voltage level from the PMIC
107 and thc longcst duration of power collapsc in order to utilize any additional voltage
margin on the shared power domain and minimize the leakage during idle time.

[0079]  To find the highest possible frequency for a respective subsystem (CAMSS
148; MDP 128, 130; BUS 220; CODEC 134; etc.), the frequency performance enhancer
module 203 may evaluate active dynamic power and leakage power lost by plotting
power values over time as illustrated in FIG. 4. A first power collapse duration
calculation plot 365A may comprise a graph having an Y-axis 405A that tracks power
of a subsystem plotted against a X-axis 410A which tracks workload time for the
subsystem. For example, if the subsystem comprises a CODEC 134, then the workload
and workload end time may track video frame duration for video data.

[0080] In the first graph 365 of power collapse duration, the core voltage of the codec
subsystem 134 may be set equal to the voltage vote submitted by the code subsystem
134 to the enhanced voltage aggregator 103. This voltage setting yields an active
dynamic power consumption 425A having a first duration as well as a leakage power
loss 420A having a first duration. The voltage setting also yields a collapsed power
state 367A having a first duration.

[0081] If the core voltage value (CX voltage) 220 of the entire system 104 is greater
than the voltage vote of the subsystem, such as the CODEC subsystem 134, the

frequency performance enhancer module 203 may experiment with higher frequency in
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order to reduce leakage power loss 420B and increasing the collapsed power state 367B
of the subsystem 134. Such increases in voltage for the subsystem 134 may allow the
subsystem 134 to run at a higher frequency allow the subsystem 134 to finish its
workload more quickly and which in turn, increases the duration of the collapsed power
state 367B as illustrated in FIG. 4. This means that a same workload illustrated in the
first graph 365A may be completed in a shorter amount of time as illustrated in the
sccond graph 365B when both voltage and opcrating frequency of the subsystem 134
are increased. According to another exemplary embodiment not illustrated, the voltage
optimizer 101 and/or the voltage aggregator may only receive votes on V_req (as in
must run this fast so need this voltage) and not either V_opt or V_limit.

[0082] Certain steps in the processes or process flows described in this specification
naturally precede others for the invention to function as described. However, the
invention is not limited to the order of the steps described if such order or sequence does
not alter the functionality of the invention. That is, it is recognized that some steps may
performed before, after, or parallel (substantially simultaneously with) other steps
without dcparting from the scopc and spirit of the invention. In somce instances, ccrtain
steps may be omitted or not performed without departing from the invention. Further,

EE Y

words such as “thereafter”, “then”, “‘next™, etc. are not intended to limit the order of the
steps. These words are simply used to guide the reader through the description of the
exemplary method.

[0083] Additionally, one of ordinary skill in programming is able to write computer
code or identify appropriate hardware and/or circuits to implement the disclosed
invention without difficulty based on the flow charts and associated description in this
specification, for example.

[0084] Therefore, disclosure of a particular set of program code instructions or detailed
hardware devices is not considered necessary for an adequate understanding of how to
make and use the invention. The inventive functionality of the claimed computer
implemented processes is explained in more detail in the above description and in
conjunction with the Figures which may illustrate various process flows.

[0085] In one or more exemplary aspects, the functions described may be implemented
in hardware, software, firmware, or any combination thereof. If implemented in
software, the functions may be stored on or transmitted as one or more instructions or

code on a computer-readable medium.
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[0086] In the context of this document, a computer-readable medium is an electronic,
magnetic, optical, or other physical device or means that may contain or store a
computer program and data for use by or in connection with a computer-related system
or method. The various logic elements and data stores may be embodied in any
computer-readable medium for use by or in connection with an instruction execution
system, apparatus, or device, such as a computer-based system, processor-containing
systcm, or other system that can fctch the instructions from the instruction cxccution
system, apparatus, or device and execute the instructions. In the context of this
document, a “computer-readable medium” may include any means that may store,
communicate, propagate, or transport the program for use by or in connection with the
instruction execution system, apparatus, or device.

[0087] The computer-readable medium can be, for example but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or semiconductor system,
apparatus, device, or propagation medium. More specific examples (a non-exhaustive
list) of the computer-readable medium would include the following: an electrical
conncction (clectronic) having onc or morc wircs, a portablc computer diskctte
(magnetic), a random-access memory (RAM) (electronic), a read-only memory (ROM)
(electronic), an erasable programmable read-only memory (EPROM, EEPROM, or
Flash memory) (electronic), an optical fiber (optical), and a portable compact disc read-
only memory (CDROM) (optical). Note that the computer-readable medium could even
be paper or another suitable medium upon which the program is printed, as the program
can be electronically captured, for instance via optical scanning of the paper or other
medium, then compiled, interpreted or otherwise processed in a suitable manner if
necessary, and then stored in a computer memory.

[0088] Computer-readable media include both computer storage media and
communication media including any medium that facilitates transfer of a computer
program from one place to another. A storage media may be any available media that
may be accessed by a computer. By way of example, and not limitation, such
computer-readable media may comprise any optical disk storage, magnetic disk storage
or other magnetic storage devices, or any other medium that may be used to carry or
store desired program code in the form of instructions or data structures and that may be
accessed by a computer.

[0089] Also, any connection is properly termed a computer-readable medium. For

example, if the software is transmitted from a website, server, or other remote source
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using a coaxial cable, fiber optic cable, twisted pair, digital subscriber line (“DSL”), or
wireless technologies such as infrared, radio, and microwave, then the coaxial cable,
fiber optic cable, twisted pair, DSL, or wircless technologies such as infrared, radio, and
microwave are included in the definition of medium.

[0090] Disk and disc, as used herein, includes compact disc (“CD”), laser disc, optical
disc, digital versatile disc (“DVD”), floppy disk and blu-ray disc where disks usually
reproducc data magnctically, whilc discs reproducc data optically with lascrs.
Combinations of the above should also be included within the scope of computer-
readable media.

[0091] Therefore, although selected aspects have been illustrated and described in
detail, it will be understood that various substitutions and alterations may be made
therein without departing from the spirit and scope of the present invention, as defined

by the following claims.
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CLAIMS

What is claimed is:

1. A method for optimizing a core voltage level of a portable computing device and
enhancing frequency performance of individual subcomponents, the method
comprising:

dctermining a plurality of voltage valucs for a plurality of subcomponcnts within
the portable computing device;

calculating a reduced set of voltage values based on the plurality of voltage
values;

determining an optimized voltage level for a shared power domain within the
portable computing device from the reduced set of voltage values; and

setting the shared power domain to the optimized voltage level.

2. The method of claim 1, further comprising optimizing an operating frequency of a

subcomponcnt bascd on the optimized voltage Icvel.
3. The method of claim 1, wherein at least one subcomponent comprises one of a
camera, a display, a communication bus, a video coder, a video decoder, and a signal

PTOCCSSOr.

4. The method of claim 1, further comprising estimating leakage power of a

subcomponent based on at least one of temperature and the optimized voltage level.

5. The method of claim 1, further comprising determining a present workload of a

subcomponent.

6. The method of claim 5, further comprising determining an optimal power collapse

duration corresponding to processing the present workload.

7. The method of claim 1, further comprising determining an ideal operating frequency

available based on the optimal power collapse duration.
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8. The method of claim 1, further comprising performing calculations with at least two

different voltage values for completing a present workload.

9. The method of claim &, further comprising calculating leakage power corresponding

to the different voltage values.

10. The method of claim 1, whercin the portable computing device compriscs at lcast
one of a mobile telephone, a personal digital assistant, a pager, a smartphone, a

navigation device, and a hand-held computer with a wireless connection or link.

11. A computer system for optimizing a core voltage level of a portable computing
device and enhancing frequency performance of individual subcomponents within the
portable computing device, the system comprising;:
a processor operable for:

determining a plurality of voltage values for a plurality of
subcomponcnts within the portablec computing dcvice;

calculating a reduced set of voltage values based on the plurality of
voltage values;

determining an optimized voltage level for a shared power domain within
the portable computing device from the reduced set of voltage values; and

setting the shared power domain to the optimized voltage level.

12. The system of claim 11, wherein the processor is operable for optimizing an

operating frequency of a subcomponent based on the optimized voltage level.

13. The system of claim 11, wherein at least one subcomponent comprises one of a
camera, a display, a communication bus, a video coder, a video decoder, and a signal

processor.
14. The system of claim 11, wherein the processor is operable for estimating leakage

power of a subcomponent based on at least one of temperature and the optimized

voltage level.
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15. The system of claim 11, wherein the processor is operable for determining a present

workload of a subcomponent.

16. The system of claim 15, wherein the processor is operable for determining an

optimal power collapse duration corresponding to processing the present workload.

17. The systecm of claim 11, whercein the proccssor is opcrablce for determining an idcal

operating frequency available based on the optimized voltage level.

18. The system of claim 11, wherein the processor is operable for performing
calculations with at least two different voltage values for completing a present

workload.

19. The system of claim 12, wherein the processor is operable for calculating leakage

power corresponding to the different voltage values.
20. The system of claim 11, wherein the portable computing device comprises at least

one of a mobile telephone, a personal digital assistant, a pager, a smartphone, a

navigation device, and a hand-held computer with a wireless connection or link.
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21. A computer system for optimizing a core voltage level of a portable computing
device and enhancing frequency performance of individual subcomponents within the
portable computing device, the system comprising;:

means for determining a plurality of voltage values for a plurality of
subcomponents within the portable computing device;

means for calculating a reduced set of voltage values based on the plurality of
voltagce valucs;

means for determining an optimized voltage level for a shared power domain
within the portable computing device from the reduced set of voltage values; and

means for setting the shared power domain to the optimized voltage level.

22. The system of claim 21, further comprising means for optimizing an operating

frequency of a subcomponent based on the optimized voltage level.
23. The system of claim 22, wherein at least one subcomponent comprises one of a
camcra, a display, a communication bus, a vidco codcr, a vidco dccodcr, and a signal

Proccssor.

24. The system of claim 21, further comprising means for estimating leakage power of

a subcomponent based on at least one of temperature and the optimized voltage level.

25. The system of claim 21, further comprising means for determining a present

workload of a subcomponent.
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26. A computer program product comprising a computer usable medium having a
computer readable program code embodied therein, said computer readable program
code adapted to be executed to implement a method for optimizing a core voltage level
of a portable computing device and enhancing frequency performance of individual
subcomponents within the portable computing device, said method comprising:

determining a plurality of voltage values for a plurality of subcomponents within
the portablc computing dcvice;

calculating a reduced set of voltage values based on the plurality of voltage
values;

determining an optimized voltage level for a shared power domain within the
portable computing device from the reduced set of voltage values; and

setting the shared power domain to the optimized voltage level.

27. The computer program product of claim 26, wherein the program code
implementing the method further comprises optimizing an operating frequency of a

subcomponcnt bascd on the optimized voltage level.

28. The computer program product of claim 26, wherein at least one subcomponent
comprises one of a camera, a display, a communication bus, a video coder, a video

decoder, and a signal processor.

29. The computer program product of claim 26, wherein the program code
implementing the method further comprises estimating leakage power of a

subcomponent based on at least one of temperature and the optimized voltage level.
30. The computer program product of claim 26, wherein the program code

implementing the method further comprises determining a present workload of a

subcomponent.

24-



WO 2015/080982 PCT/US2014/066956
1/6
100 POWER | —180
SUPPLY
157
107
157D THERMAL PIC
N
THERMAL |\ i 1 / / ;‘2
SENSOR(S) DISPLAY Freq. Enc. USB
CONTROLLER_|—| CONTROLLER| ] oy
| 1% | [ ToucrscReey 1 Thermal | AA57A
\ \ CONTROLLER | Sensor(s)
VIDED || [VIDED || CPU 11
i54 | L_PORT_|T]APLIFiER] 1"/DEQ DECODE—77— MEMORY
L1 N 0thCORE 146 148
\STEREO TL_E / 4
156 152 |Freq. Encr.| 224
L J (R e T | S oy o
TERE ) 2B~ oS
0] Sre T g L “TY NiCoRe Ehanced Vo | || CANERA
\ MICROPHONE Thermal [ A578 e
1] | stereo || Themal |-
MICROPHONE 1, _ApURER ]| o [ LSt 1}3 })1 /77
/ & B e ] e 7
FHRADIO
1o WeR | 7 PROCESSOR OFTIMZER
- 150 2 { RF | [ FF
182 A TRANSCENER [T SWITCH
w®
STERE -
HEADPHONES (EYPAD
/
MOND
166 HEADSET WiTHE— 178
MICROPHONE
vBraToR |18

FIG. 1A




WO 2015/080982 PCT/US2014/066956
2/6

100 148

\ /

=

— User Account

jschmoe

174

N 2 e o

O

FIG. 1B



WO 2015/080982 PCT/US2014/066956
3/6

POWER MANAGEMENT INTEGRATED
'Y CIRCUIT (PMIC) 107

T CX voltage:}/220

VOLTAGE OPTIMIZER 101
CXV_opt’ € voltage closestto CX V_optwithin
the [V req,V I|m|t] range
/[\ CXV_req, V_opt,V I|mi£|/
ENHANCED VOLTAGE AGGREGATOR 103
CXV_req= max(V_reql, V_req2,.., V_req(n))
CXV_opt =function(V_optl, V_opt2, ..., V_opt(n))
CXV_limit = min(V_,limit1, V_Ilimit2, ..., V_limit(n) )

205
V_reql,
V_o qt 1 V_req2, V_req3, V_req4, V_req5,
V_Ii:'nit ! V_opt2, V_opt3, V_opt4, \ V_opt5,
- V_limit2 V_limit3 V_limit4 \V_Ilimit5 207N
207A /
CAMSS 148 MDP 128, 130) Bus 220 Codec 134 Others N
(i.e. 126)
\ Power Power Power Power Power
model model model model model
209 | (workload1 [(workload2 ] fworkload3 >{ Kworkload4 | | (workloadN
- F_reql, F_req2, F_req3, F_req4, > F_reqN, 225
F_optl, F_opt2, F_opt3, F_opt4, F_optN,
F_limitl) F_limit2) F_limit3) F_limit4) F_limitN)
Freq Perf. Freq Perf. Freq Perf. FreqPerf. Freq Perf.
Enhancer Enhancer Enhancer Enhancer Enhancer
203A 203B 203C 203D 203N
(F_actl& (F_act2 & (F_act3 & E (F_actd & (F_actN &
power < power power power power
collapse collapse collapse collapse collapse
adjustmt) adjustmt) adjustmt) adjustmt) adjustmt)

FIG. 2



WO 2015/080982

METHOD FOR
OPTIMIZING A CORE
VOLTAGE LEVEL OF A
PCD AND ENHANCING
FREQUENCY
PERFORMANCE OF
INDIVIDUAL
SUBCOMPONENTS

4/6

)-300

# /— 305

Determine static information
(IDDQ leakage from eFuse/non-
volatile memory

‘ 4—310

Assess information (i.e.
workload, temperature)

Calculate three voltage
types: V_req, V_opt,
V_limit

Provide vote having set of
three voltage types to the
shared domain

* — 325

Determine energy efficient
voltage level for the shared
power domain (based on
V_opt votes within the range
meeting all V_req votes and
V_limit votes)

Is present
voltage level
higher than voltage level
defined in
3257

e E—

* /—315

* _——320

327

YES

PCT/US2014/066956

329
—

Optimize operating
frequency for each
subsystem and power
collapse duration for
each subsystem to
maximize energy
efficiency at present
voltage level

¢ — 330

Set the shared power
domain to the voltage level

l \ 335

Optimize operating
frequency for each
subsystem and power
collapse duration for
each subsystem to
maximize energy
efficiency at present
voltage level only if
present voltage is
lower than voltage
level determined in 325

FIG. 3A

Occur?

340
Yy
Continue processing
workload for g
predetermined duration
345 NO
Change in
workload




WO 2015/080982 PCT/US2014/066956
5/6

Start Routine/
SubMethod for
Optimizing operating 29, 335
frequency of each )-3
subsystem and power
collapse duration

* r— 350

Estimate leakage power
based on temperature and
present voltage

355

Is leakage
power estimate > set

NG threshold?

RETURN TO BLOCK
330 or 340 YES
FIG. 3A
l AN

Determine present
workload

* 365

Calculate optimal power
collapse duration for a
respective subsystem

* . 370

Determine optimal
frequency based on power
collapse duration

'

RETURN TO
BLOCK 330 or 340
FIG.3A

FIG. 3B




PCT/US2014/066956

WO 2015/080982

6/6

auwi}
aWI} PUd PEOPOAA

awn
pasde||0)

/

d.9¢

d0¢v
Jamod

¥ "Old

0cv
/

mmmv_mo_ AAIPY

awn

AW} PUD PEOPOM

ageyea

Jamod
JlweuAp
3AY

dGey

o8exes| asde||00 i

AW dAIY

Jamod a3eyea

A

\J*101%

vocy
NGl _
. R R el
Pt ! Jamod s1weuAp aandy
B Rl __ \[*147
| W
pasde|jod |
j | auil BAY
gs0v V93¢

<; amod

9]10A 93e)jon wa)sAsqns = 98e3|0A 340D Y} UBYM

910A 93e3|on wAlsAsqns < 98e}|oA 3402 Y3} UAYM

ot
g59€

%
VG9¢



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/066956

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6F1/26 GO6F1/32
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO6F GO6G

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

17 January 2008 (2008-01-17)
the whole document

2 February 2006 (2006-02-02)
figures 1-5

paragraph [0031]
paragraph [0037]

X US 2008/012583 Al (AUDET JEAN [CA] ET AL)

A US 2006/026447 Al (NAVEH ALON [IL] ET AL)

paragraph [0002] - paragraph [0007]
paragraph [0026] - paragraph [0027]

1-30

1-30

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

13 February 2015

Date of mailing of the international search report

20/02/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

De Meyer, Arnaud

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/066956
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2012/159496 Al (DIGHE SAURABH [US] ET 1-30

AL) 21 June 2012 (2012-06-21)
figures 3, 5

paragraph [0002]

paragraph [0010] - paragraph [0011]
paragraph [0021]

paragraph [0024] - paragraph [0025]
paragraph [0028]

paragraph [0034]

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2014/066956
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2008012583 Al 17-01-2008 US 2008012583 Al 17-01-2008
US 2008252308 Al 16-10-2008
US 2006026447 Al 02-02-2006  CN 1993669 A 04-07-2007
DE 112005001779 B4 28-07-2011
DE 112005001779 T5 24-05-2007
JP 5154682 B2 27-02-2013
JP 2008507766 A 13-03-2008
JP 2012069115 A 05-04-2012
US 2006026447 Al 02-02-2006
US 2011252267 Al 13-10-2011
WO 2006019973 Al 23-02-2006
US 2012159496 Al 21-06-2012  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	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 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report
	Page 34 - wo-search-report
	Page 35 - wo-search-report

