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(57) Abstract: A method, an apparatus, and a computer program product are provided. The apparatus may be a user equipment,
called UE. The UE has a processor including a plurality of cores. The plurality of cores includes a first core and remaining cores.
The UE determines a temperature of the first core of the plurality of cores. The first core processes a load. The UE determines that
the temperature of the first core is greater than a first threshold. The UE determines that the temperature of the first core is not great -
er than a second threshold. The second threshold is greater than the first threshold. The UE transfers at least a portion of the load of
the first core to a second core of the remaining cores in response to determining that the temperature of the first core is greater than

the first threshold.
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THERMAL MITIGATION OF MULTI-CORE PROCESSOR

CROSS-REFERENCE TO RELATED APPLICATION(S)
This application claims the benefit of U.S. Provisional Application Serial No.
62/072,975, entitled “THERMAL  MITIGATION OF MULTI-CORE
PROCESSOR” and filed on October 30, 2014, and U.S. Patent Application No.
14/675,409, entitled “THERMAL  MITIGATION OF MULTI-CORE
PROCESSOR” and filed on March 31, 2015, which are expressly incorporated by

reference herein in their entirety.

BACKGROUND
Field
The present disclosure relates generally to a user equipment (UE), and more

particularly, to techniques of thermal mitigation of a multi-core processor on a UE.
Background

A UE may utilize a processor having multiple cores. UEs include portable
computing devices (“PCDs”) such as cellular telephones, portable digital assistants
(“PDAs”), portable game consoles, palmtop computers, and other portable
clectronic devices. Some smaller UEs may not have active cooling devices, e.g.,
fans, which are often found in larger UEs such as laptop and desktop computers.
Accordingly, there is a need for effectively mitigating heat generated by one or more

cores of the processor of a UE.

SUMMARY

In an aspect of the disclosure, a method, a computer program product, and an
apparatus are provided. The apparatus may be a UE. The UE has a processor
including a plurality of cores. The plurality of cores includes a first core and
remaining cores. The UE determines a temperature of the first core of the plurality
of cores. The first core processes a load. The UE determines that the temperature of
the first core is greater than a first threshold. = The UE determines that the
temperature of the first core is not greater than a second threshold. The second

threshold is greater than the first threshold. The UE transfers at least a portion of the
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load of the first core to a second core of the remaining cores in response to

determining that the temperature of the first core is greater than the first threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a functional block diagram illustrating an exemplary embodiment of a UE.
FIG. 2 is a diagram illustrating a thermal mitigation procedure of a UE.

FIG. 3 is a diagram illustrating a temperature increase in a UE.

FIG. 4 is a diagram illustrating another thermal mitigation procedure of a UE.

FIG. 5§ is a diagram illustrating a thermal mitigation procedure of a UE for
transferring a load among cores of a processor.

FIG. 6 is a diagram illustrating a thermal mitigation procedure of a UE for sharing a

load among cores of a processor.

DETAILED DESCRIPTION

The detailed description set forth below in connection with the appended drawings
is intended as a description of various configurations and is not intended to represent
the only configurations in which the concepts described herein may be practiced.
The detailed description includes specific details for the purpose of providing a
thorough understanding of various concepts. However, it will be apparent to those
skilled in the art that these concepts may be practiced without these specific details.
In some instances, well known structures and components are shown in block
diagram form in order to avoid obscuring such concepts. Apparatuses and methods
will be described in the following detailed description and may be illustrated in the
accompanying drawings by various blocks, modules, components, circuits, steps,
processes, algorithms, elements, etc.

Several aspects of a UE will now be presented with reference to various apparatus
and methods. These apparatus and methods will be described in the following
detailed description and illustrated in the accompanying drawings by various blocks,
modules, components, circuits, steps, processes, algorithms, etc. (collectively
referred to as “eclements”). These elements may be implemented using electronic
hardware, computer software, or any combination thereof. Whether such elements
are implemented as hardware or software depends upon the particular application

and design constraints imposed on the overall system.
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By way of example, an element, or any portion of an element, or any combination of
elements may be implemented with a “processing system” that includes one or more
processors. Examples of processors include microprocessors, microcontrollers,
digital signal processors (DSPs), field programmable gate arrays (FPGAs),
programmable logic devices (PLDs), state machines, gated logic, discrete hardware
circuits, and other suitable hardware configured to perform the various functionality
described throughout this disclosure. One or more processors in the processing
system may execute software. Software shall be construed broadly to mean
instructions, instruction sets, code, code segments, program code, programs,
subprograms, software modules, applications, software applications, software
packages, routines, subroutines, objects, executables, threads of execution,
procedures, functions, etc., whether referred to as software, firmware, middleware,
microcode, hardware description language, or otherwise.

Accordingly, in one or more exemplary embodiments, 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 encoded as one or more
instructions or code on a computer-readable medium. Computer-readable media
includes computer storage media. Storage media may be any available media that
can be accessed by a computer. By way of example, and not limitation, such
computer-readable media can comprise a random-access memory (RAM), a read-
only memory (ROM), an electrically erasable programmable ROM (EEPROM),
compact disk ROM (CD-ROM) or other optical disk storage, magnetic disk storage
or other magnetic storage devices, or any other medium that can be used to carry or
store desired program code in the form of instructions or data structures and that can
be accessed by a computer. Combinations of the above should also be included
within the scope of computer-readable media.

Performance demand in PCDs and other UEs is increasing. As a result, the number
of cores on a processor of a PCD has increased. The available power (power
budget), however, may be limited due to the limited form factor of these devices.
When all of the cores are utilized, the performance of the processor is limited by the
power budget. To maintain reliability of a PCD, it is beneficial to keep
temperature(s) of the processor/core(s) below a mitigation temperature threshold.
When the mitigation temperature threshold is reached, the PCD may execute a

thermal mitigation procedure that reduces the performance of the processor/core(s)
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in order to control the temperature(s) of the processor/core(s). It is further beneficial
to operate the processor/core(s) under the mitigation temperature threshold for a
longer time period to avoid compromising the performance of the processor/core(s).

In some configurations, the implemented mitigation procedures reduce the processor
performance to decrease the temperature of the processor. For example, when the
temperature of a core reaches the mitigation temperature threshold, the processing
frequency and/or the supply voltage of the core may be decreased to reduce power
consumption and, hence, the temperature of the core. A reduction in
frequency/voltage may lead to a reduction in performance.

On the other hand, the applications running on a PCD may be single/dual core
intensive. Thus, the addition of more cores to the processor may not directly
translate into improved performance. Single/dual core applications may not utilize
the extra cores. While one or two cores are utilized by the applications, the
remaining cores may handle fewer tasks and may consume less power.
Consequently, the remaining cores that handle fewer tasks may be relatively cooler
than the cores utilized by the applications.

In certain configurations, the PCD may be configured with a pre-mitigation
temperature threshold, which is lower than the mitigation temperature threshold.
When the temperature of a core reaches the pre-mitigation temperature threshold, a
scheduler or thermal control module may locate a more efficient or cooler core and
may start transferring the jobs or threads of the core reaching the pre-mitigation
temperature threshold to the cooler core. The processing frequency of the cooler
core may be increased to the required level for processing the jobs or threads. Once
the transfer is completed, the core reaching the pre-mitigation temperature threshold
may be power collapsed to reduce the temperature. This procedure allows the cores
to operate under the mitigation temperature threshold for a longer time, and may
lead to a better performance and cooler operating temperatures overall.

FIG. 1 is a functional block diagram 100 illustrating an exemplary embodiment of a
UE. Examples of UEs 110 include a cellular phone, a smart phone, a session
initiation protocol (SIP) phone, a laptop, a personal digital assistant (PDA), a
satellite radio, a global positioning system, a multimedia device, a video device, a
digital audio player (e.g., MP3 player), a camera, a game console, a tablet, or any
other similar functioning device. The UE 110 may also be referred to by those

skilled in the art as a mobile station, a subscriber station, a mobile unit, a subscriber
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unit, a wireless unit, a remote unit, a mobile device, a wireless device, a wircless
communications device, a remote device, a mobile subscriber station, an access
terminal, a mobile terminal, a wireless terminal, a remote terminal, a handset, a user
agent, a mobile client, a client, or some other suitable terminology.

A UE 110 has, among other components, a processor 112, a memory 114, and a
storage 116. The memory 114 is a volatile data storage device such as a RAM. The
storage 116 is a non-volatile data storage device such as a flash memory or a solid-
state memory device. The storage 116 may be a distributed memory device with
separate data stores coupled to the processor 112. The processor 112, the memory
114, the storage 116, and other components of the UE 110 may communicate with
cach other through a system bus 118. The processor 112 has a plurality of cores.
For example, as shown in FIG. 1, the processor 112 has four cores: a first core 122,
a second core 124, a third core 126, and a fourth core 128. Each of the cores 122,
124, 126, 128 may be a central processing unit (CPU) core, a graphics processing
unit (GPU) core, or a processing unit having other dedicated functions. Each of the
cores 122, 124, 126, 128 may have a L1 cache 129. The cores 122, 124, 126, 128
may share a L2 cache 130. In certain configurations, an L1 cache 129 may include
three independent caches: an instruction cache to speed up executable instruction
fetch, a data cache to speed up data fetch and store, and a translation lookaside
buffer (TLB) used to speed up virtual-to-physical address translation for both
executable instructions and data. In certain configurations, the cores 122, 124, 126,
128 may belong to the same cluster. In other words, the active cores of the cores
122, 124, 126, 128 may be configured to operate at the same or similar performance
level. For example, the active cores of the cores 122, 124, 126, 128 may operate at
the same frequency or similar frequencies. In certain configurations, the cores 122,
124, 126, 128 may belong to different clusters.

When processing a load, the cores 122, 124, 126, 128 generate thermal energy
(heat). Thermal energy generation may increase when the load is concentrated in a
given core of the cores 122, 124, 126, 128, thereby potentially impacting the
performance of the UE 110 and/or user experience. Thermal energy generation may
be mitigated by reallocation of load across complimentary cores. A thermal control
module 140 of the UE 110 may identify, of the cores 122, 124, 126, 128, a core at
thermal risk and underutilized cores that are candidates for receipt of the load that

may be reallocated from the core at thermal risk.
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In certain configurations, the UE 110 has temperature sensors 132, 134, 136, 138
placed proximally to the cores 122, 124, 126, 128, respectively, and monitored by a
thermal control module 140. When the thermal control module 140 detects that one
of the temperature sensors 132, 134, 136, 138 has measured a temperature in a
predetermined relationship with one or more temperature thresholds, the thermal
control module 140 may apply one or more thermal mitigation measures to the cores
122, 124, 126, 128 to reduce thermal energy generation within the processor 112.

In certain configurations, the thermal control module 140 may not utilize the
temperature sensors 132, 134, 136, 138, but use other available mechanisms, to
monitor the temperatures of the cores 122, 124, 126, 128. For example, the thermal
control module 140 may use a single temperature sensor that measures the
temperature of each of the cores 122, 124, 126, 128 in turn.

In certain configurations, the thermal control module 140 may be implemented as a
thermal controller 140-1 on the same die (chip) of the processor 112. The thermal
controller 140-1 may communicate with the temperature sensors 132, 134, 136, 138
through a communications link 142.  The thermal controller 140-1 may
communicate with the processor 112 through a communications link 118. The
thermal controller 140-1 may be a finite state machine having multiple states and
employing various flip-flops or registers. The thermal controller 140-1 may receive
temperature measurements from the temperature sensors 132, 134, 136, 138 as
inputs and in response change from one state to another state of the multiple states.
In each of the multiple states, the thermal controller 140-1 may perform one or more
of the operations described infra referring to FIGs. 4-6.

In certain configurations, the thermal control module 140 may be implemented as a
thermal controller 140-1 separate from the processor 112. The thermal controller
140-1 may communicate with the temperature sensors 132, 134, 136, 138 through
the communications link 142 (e.g., a management bus). The thermal controller 140-
1 may communicate with the processor 112 through the communications link 118
(e.g., a system bus). The thermal controller 140-1 may have its own processing unit
and memory.

In certain configurations, the thermal control module 140 may be implemented by a
software thermal control module 140-2. The software thermal control module 140-2
may be stored in the storage 116 and loaded into the memory 114 for execution by

one of the cores 122, 124, 126, 128.
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FIG. 2 is a diagram 200 illustrating a thermal mitigation procedure of the UE 110.
At operation 204, the procedure of the UE 110 starts. At operation 206, the UE 110
is powered on. At operation 208, the UE 110 brings up the system installed on the
UE 110. For example, the storage 116 may store an operating system (OS). The
processor 112 may load the necessary components of the OS into the memory 114
and execute those components. In one configuration, the OS may turn on, and
allocate one or more tasks to, one or more of the cores 122, 124, 126, 128. The
most frequently used data and instructions of a core of the cores 122, 124, 126, 128
may be stored at a corresponding L1 cache 129. Some data that are less frequently
used than the data in the L1 cache 129 may be stored at the L2 cache 130. If a core
is not allocated a task, that core may be turned off. For example, the core may be
power collapsed. That is, power is no longer provided to the core. Alternatively, the
core may be clock gated. In this case, power is still provided to the core, but the
clock is gated so that it will not toggle. Because the clock is now static due to the
gating, the core does not perform processing and, thus, can be considered “off.” In
addition, the clock of the core may be gated and the voltage supplied to the core may
be reduced to a low level that is sufficient to retain data stored in local memories of
the core (such as the L1 cache 129) but that is too low for the core to perform
processing. Thus, the core can be considered “off.” These different ways of turning
off the core may lead to different recovery times. In other words, for each method
above, turning the core back “on” after it has been turned off may take a different
amount of time. FEach core that is processing a load (i.e., executing one or more
tasks) generates thermal energy. Each core may run at one or more processing
frequencies. In certain configurations, the cores 122, 124, 126, 128 may operate at
different processing frequencies. In certain configurations, the cores 122, 124, 126,
128 may always operate at the same processing frequency. Further, in this example,
the temperature sensors 132, 134, 136, 138 operate to measure the temperatures of
the cores 122, 124, 126, 128, respectively.

The thermal control module 140 may be configured with a mitigation temperature
threshold (7,,), a pre-mitigation temperature threshold (Zp.e-ir), and a load-sharing
temperature threshold (7ipad-snare). At operation 210, the thermal control module 140
determines the temperature of a core of the cores 122, 124, 126, 128. The thermal
control module 140 may communicate with a temperature sensor to receive a

temperature (7;) of the core measured at the temperature sensor. In certain
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configurations, the thermal control module 140 may receive temperatures of all the
cores 122, 124, 126, 128 and then select the core having the highest temperature
(e.g., the first core 122) to apply a mitigation measure. From now on, the first core
122 may be referenced as an example. Nonetheless, the procedure described may be
similarly applied to the other cores of the cores 122, 124, 126, 128. In this example,
the thermal control module 140 may receive a temperature of the first core 122
measured at the temperature sensor 132. At operation 212, the thermal control
module 140 determines whether the measured temperature is greater than the
mitigation temperature threshold (e.g., 90 °C). If the measured temperature is
greater than the mitigation temperature threshold, the thermal control module 140
may determine that the first core 122 is at a critical thermal condition.
Subsequently, at operation 214, the thermal control module 140 may instruct the
first core 122 to reduce the processing frequency and/or to lower the supply voltage
of the first core 122 in order to lower the temperature of the first core 122.
Subsequently, the procedure returns to operation 210, at which the thermal control
module 140 determines the temperature of a next core (e.g., the second core 124).

If at operation 212 the thermal control module 140 determines that the temperature
of the first core 122 is not greater than the mitigation temperature threshold, then at
operation 216, the thermal control module 140 determines whether the temperature
is greater than the pre-mitigation temperature threshold (e.g., 80 °C). If the
temperature is not greater than the pre-mitigation temperature threshold, the
procedure returns to operation 210, at which the thermal control module 140
determines the temperature of a next core (e.g., the second core 124).

If at operation 216 the thermal control module 140 determines that the temperature
of the first core 122 is greater than the mitigation temperature threshold, the thermal
control module 140 may consider the first core 122 as a core at thermal risk. At
operation 218, the thermal control module 140 communicates with the temperature
sensor 134, temperature sensor 136, and temperature sensor 138 to determine the
temperatures of the remaining cores (i.e., the second core 124, third core 126, and
the fourth core 128). In certain configurations, the cores 122, 124, 126, 128 may
belong to the same cluster. That is, the remaining cores are from the same cluster of
the first core 122. Accordingly, the thermal control module 140 may use the
techniques described infra to select another core in the same cluster and may

transfer some or the entire load of the first core 122 to the selected core of the same
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cluster. In certain configurations, the cores 122, 124, 126, 128 may belong to
different clusters. Accordingly, the thermal control module 140 may use the
techniques described infra to select, without consideration of the clusters of the
cores, another core to transfer some or the entire load of the first core 122. For
example, the thermal control module 140 may select a core based on the
temperatures of the cores across different clusters. The first core 122 and the third
core 126 may belong to a first cluster (e.g., a high performance cluster). The second
core 124 and the fourth core 128 may belong to a second cluster (e.g., a low
performance cluster). At operation 220, the thermal control module 140 may
determine the lowest temperature (7;) as well as the core having the lowest
temperature. For example, the second core 124 may be the core having the lowest
temperature. At operation 222, the thermal control module 140 turns on the second
core 124 (i.e., the core having the lowest temperature) if the second core 124 is not
turned on.

At operation 224, the thermal control module 140 determines whether the
temperature of the second core 124 is greater than the load-sharing temperature
threshold (e.g., 75 °C). If the temperature is not greater than the load-sharing
temperature threshold, at operation 226, the thermal control module 140 instructs
the first core 122 to transfer the entire load of the first core 122 to the second core
124. In certain configurations, the first core 122 transfers all data and instructions in
the L1 cache 129-1 of the first core 122 to the L1 cache 129-2 of the second core
124. Therefore, the second core 124 is able to continue running the tasks that were
run on the first core 122. In certain configurations, the second core 124, in response
to receiving the transferred load, may increase the processing frequency of the
second core 124 in order to process the increased load. Subsequently, at operation
228, the thermal control module 140 turns off or power collapses the first core 122.
A running core may generate a leakage current, which in turn generates thermal
energy. Turning off a running core may reduce or eliminate the leakage current. In
certain configurations, as a further mitigation measure, the thermal control module
140 may detect whether each of the other remaining running cores (i.e., the third
core 126 and the fourth core 128) is handling a task and may turn off any core that is
not handling a task. Subsequently, the procedure returns to operation 210, at which

the thermal control module 140 determines the temperature of a next core.
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If during operation 224 the thermal control module 140 determines that the
temperature of the second core 124 is greater than the load-sharing temperature
threshold, at operation 230, the thermal control module 140 may detect whether
each of the other remaining running cores (i.e., the third core 126 and the fourth core
128) is handling a task and may turn off any core that is not handling a task. For
example, the thermal control module 140 may detect that the fourth core 128 is not
handling any tasks and may turn off the fourth core 128. At operation 232, the
thermal control module 140 instructs the first core 122 to share the load of the first
core 122 with the all the remaining running cores (i.e., the second core 124 and the
third core 126 in this example). The thermal control module 140 may determine a
percentage of the load of the first core 122 to be transferred to the second core 124
and the third core 126. The thermal control module 140 may instruct the first core
122 to transfer the corresponding data and instructions stored in the L1 cache 129-1
of the first core 122 to the L1 cache 129-2 of the second core 124 and the L1 cache
129-3 of the third core 126.

In certain configurations, the percentage of the load to be transferred from the first
core 122 to the remaining running cores may be determined based on the
temperature of the first core 122 and the temperatures of the remaining running
cores. Further, the distribution of the transferred load among the remaining running
cores may be based on the relative temperature difference between the first core 122
and the remaining running cores. The core having a greater temperature difference
from the first core 122 may receive a greater percentage of the load transferred from
the first core 122. For example, the first core 122 may be at 85 °C, the second core
124 may be at 75 °C, the third core 126 may be at 78 °C, and the fourth core 128
(which is on) may be at 76 °C. Thus, the second core 124 receives a greatest
percentage of the load, and the third core 126 receives a lowest percentage of the
load. Subsequently, the procedure returns to operation 210, at which the thermal
control module 140 determines the temperature of a next core.

FIG. 3 is a diagram 300 illustrating a temperature increase in a UE. The X axis is
time. The Y axis is temperature. The curve 310 illustrates the temperature changes
of the first core 122. The curve 320 illustrates the temperature changes of the
second core 124.

At time 7, the UE 110 is powered on. The first core 122 and the second core 124

are at a base temperature (7pgse), €.2., a room temperature. The first core 122 may be

10
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assigned one or more processing tasks. The second core 124 may be assigned zero
or more processing tasks. When the first core 122 is processing a load, the first core
122 generates thermal energy and may reach the pre-mitigation temperature
threshold at time 7. Without receiving any mitigation measure, the first core 122
may reach the mitigation temperature threshold at time 7. The second core 124, for
example, may process fewer tasks and, thus, at time # has a temperature lower than
the pre-mitigation temperature threshold. In certain configurations, at time 7, (i.c.,
upon detecting that the temperature of the first core 122 reached the pre-mitigation
temperature threshold), the thermal control module 140 may operate to transfer
some or all of the load of the first core 122 to the second core 124. If all of the load
of the first core 122 is transferred to the second core 124, the first core 122 may be
turned off.

After the load of the first core 122 is transferred to the second core 124, the
temperature of the first core 122 may start to reduce. Because after time # the
second core 124 starts processing the load transferred from the first core 122, the
temperature of the second core 124 may increase faster than previously. The
temperature of the second core 124 may reach the pre-mitigation temperature
threshold at time 7. Without receiving any mitigation measures, the temperature of
the second core 124 may reach the mitigation temperature threshold at time 5. From
time #; to time 73, the first core 122 processes less load than previously or no load.
Thus, the temperature of the first core 122 reduces and may reach a point that is
below the pre-mitigation temperature threshold at time #3. In certain configurations,
at time #; (i.e., upon detecting that the temperature of the second core 124 reached
the pre-mitigation temperature threshold and that the temperature of the first core
122 is below the pre-mitigation temperature threshold), the thermal control module
140 may operate to transfer some or all of the load of the second core 124 to the first
core 122. Subsequently, the temperature of the first core 122 may start to increase
and may reach the pre-mitigation temperature threshold at z4,. The temperature of
the second core 124 may start to decrease and may reach a point below the pre-
mitigation temperature threshold at time 4.

FIG. 4 is a diagram 400 illustrating a thermal mitigation procedure of a UE. The UE
(e.g., the UE 110) has a processor (e.g., the processor 112) including a plurality of
cores (e.g., the cores 122, 124, 126, 128). The plurality of cores include a first core

and remaining cores. The first core processes a load.

11
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At operation 402, the UE determines a temperature of the first core. For example,
referring to FIG. 2, the thermal control module 140 may receive a temperature of the
first core 122 measured at the temperature sensor 132. At operation 404, the UE
may determine whether the temperature of the first core is greater than the second
threshold (e.g., the mitigation temperature threshold). If the temperature of the first
core is greater than the second threshold, at operation 406, the UE reduces a power
consumption of the first core. In certain configurations, to reduce the power
consumption of the first core, the UE may at least one of (a) reduce a frequency of
the first core, (b) reduce a supply voltage of the first core, (c) power collapse the
first core, and (d) transfer all the load of the first code to at least one core of the
remaining cores. For example, referring to FIG. 2, at operation 214, the thermal
control module 140 may instruct the first core 122 to reduce the processing
frequency and/or may lower the supply voltage of the first core 122 in order to lower
the temperature of the first core 122.

If during operation 404 the UE determines that the temperature of the first core is
not greater than a second threshold, at operation 408, the UE determines whether the
temperature of the first core is greater than a first threshold (e.g., the pre-mitigation
temperature threshold). The second threshold is greater than the first threshold. If
the temperature of the first core is not greater than the first threshold, at operation
410, the procedure ends.

If the temperature of the first core is greater than the first threshold, at operation
412, the UE transfers at least a portion of the load of the first core to a second core
of the remaining cores. Additional operations 411 may be performed prior to
operation 412. Within operation 412, the UE, at operation 414, may determine
temperatures of each core of the remaining cores. Subsequently, at operation 416,
the UE transfers the at least a portion of the load of the first core to the second core
based on the determination of the temperatures of each core of the remaining cores.
For example, referring to FIG. 3, at time # (i.e., upon detecting that the temperature
of the first core 122 reached the pre-mitigation temperature threshold), the thermal
control module 140 may operate to transfer some or all of the load of the first core
122 to the second core 124.

FIG. 5 is a diagram 500 illustrating a thermal mitigation procedure of a UE for
transferring a load among cores of a processor. This procedure follows the

operation 408 at operations 411, 412 illustrated in FIG. 4. At operation 502, the UE
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[0042]

[0043]

[0044]

determines which of the remaining cores has a lowest temperature. For example,
referring to FIG. 2, at operation 220, the thermal control module 140 may determine
the lowest temperature (7;) as well as the core having the lowest temperature.

At operation 504, the UE determines that the second core has the lowest temperature
of the remaining cores. At operation 506, the UE determines that a temperature of
the second core is less than a third threshold (e.g., the load-sharing temperature
threshold). The third threshold is less than the first threshold (e.g., the pre-
mitigation temperature threshold). At operation 508, the UE powers up the second
core. For example, referring to FIG. 2, at operation 222, the thermal control module
140 turns on the second core 124 (i.e., the core having the lowest temperature) if the
second core 124 is not turned on.

At operation 510, the UE transfers all the load of the first core to the second core.
For example, referring to FIG. 2, at operation 226, the first core 122 transfers all
data and instructions in the L1 cache 129-1 of the first core 122 to the L1 cache 129-
2 of the second core 124. At operation 512, the UE powers down the first core. For
example, referring to FIG. 2, at operation 228, the thermal control module 140 turns
off or power collapse the first core 122.

FIG. 6 is a diagram 600 illustrating a thermal mitigation procedure of a UE for
sharing a load among cores of a processor. This procedure follows the operation
408 at operations 411, 412 illustrated in FIG. 4. At operation 602, the UE
determines that each core of the remaining cores has a temperature greater than a
third threshold (e.g., the load-sharing temperature threshold). The third threshold is
less than the first threshold (e.g., the pre-mitigation temperature threshold). At
operation 604, the UE determines portions of the load to transfer to each core of the
remaining cores based on a relative temperature difference of each core. For
example, referring to FIG. 2, at operation 232, the percentage of the load to be
transferred from the first core 122 to the remaining running cores may be
determined based on the temperature of the first core 122 and the temperatures of
the remaining running cores. Further, the distribution of the transferred load among
the remaining running cores may be based on the relative temperature difference
between the first core 122 and the remaining running cores. At operation 606, the
UE transfers a remaining portion of the load to a set of cores of the remaining cores
to share the load between the second core and the set of cores. For example,

referring to FIG. 2, at operation 232, the thermal control module 140 may instruct
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[0045]

the first core 122 to transfer the corresponding data and instructions stored in the L1
cache 129-1 of the first core 122 to the L1 cache 129-2 of the second core 124 and
the L1 cache 129-3 of the third core 126.

In one configuration, an apparatus is provided for interfacing with a processor
including a plurality of cores. The plurality of cores include a first core and
remaining cores. The apparatus includes means for determining a temperature of the
first core of the plurality of cores. The first core processes a load. The apparatus
further includes means for determining that the temperature of the first core is
greater than a first threshold. The apparatus further includes means for determining
that the temperature of the first core is not greater than a second threshold. The
second threshold is greater than the first threshold. The apparatus further includes
means for transferring at least a portion of the load of the first core to a second core
of the remaining cores in response to determining that the temperature of the first
core is greater than the first threshold. The apparatus may further include means for
determining temperatures of each core of the remaining cores. The at least the
portion of the load of the first core may be transferred to the second core based on
the determination of the temperatures of each core of the remaining cores. The
apparatus may further include means for determining which of the remaining cores
has a lowest temperature. The at least the portion of the load may be transferred to
the second core in response to determining that the second core has the lowest
temperature of the remaining cores. In one configuration, the at least a portion of
the load is all the load, and all the load is transferred from the first core to the second
core in response to determining that the second core has the lowest temperature of
the remaining cores. The apparatus may further include means for determining that
a temperature of the second core is less than a third threshold. The third threshold is
less than the first threshold. All the load may be transferred to the second core in
response to determining that the second core has a temperature less than the third
threshold. The apparatus may further include means for powering up the second
core before transferring all the load from the first core to the second core, and means
for powering down the first core in response to transferring all the load from the first
core to the second core. The apparatus may further include means for determining
that each core of the remaining cores has a temperature greater than a third
threshold, the third threshold being less than the first threshold, and means for

transferring a remaining portion of the load to a set of cores of the remaining cores
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[0047]

to share the load between the second core and the set of cores. The apparatus may
further include means for determining a respective temperature difference of the
respective temperature of each of the remaining cores from the temperature of the
first core. The means for transferring is configured to share the load of the first core
among the remaining cores based on the respective temperature differences of the
remaining cores. The means for transferring may be configured to transfer the at
least a portion of the load further in response to determining that the temperature of
the first core is not greater than the second threshold. The apparatus may further
include means for determining a second temperature of the first core of the plurality
of cores. The apparatus may further include means for determining that the second
temperature of the first core is greater than the second threshold. The apparatus may
further include means for reducing a power consumption of the first core in response
to determining that the second temperature of the first core is greater than the second
threshold. To reduce the power consumption of the first core, the means for
reducing the power consumption is configured to at least one of (a) reduce a
frequency of the first core, (b) reduce a supply voltage of the first core, (¢) power
collapse the first core, and (d) transfer all the load of the first code to at least one
core of the remaining cores. The aforementioned means may be the thermal control
module 140-1 configured to perform the functions corresponding to each of the
aforementioned means.

It is understood that the specific order or hicrarchy of steps in the processes
disclosed is an illustration of exemplary approaches. Based upon design
preferences, it is understood that the specific order or hierarchy of steps in the
processes may be rearranged. Further, some steps may be combined or omitted.
The accompanying method claims present elements of the various steps in a sample
order, and are not meant to be limited to the specific order or hierarchy presented.
The previous description is provided to enable any person skilled in the art to
practice the various aspects described herein. Various modifications to these aspects
will be readily apparent to those skilled in the art, and the generic principles defined
herein may be applied to other aspects. Thus, the claims are not intended to be
limited to the aspects shown herein, but is to be accorded the full scope consistent
with the language claims, wherein reference to an element in the singular is not
intended to mean “one and only one” unless specifically so stated, but rather “one or

more.” The word “exemplary” is used herein to mean “serving as an example
El
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instance, or illustration.” Any aspect described herein as “exemplary” is not
necessarily to be construed as preferred or advantageous over other aspects.” Unless
specifically stated otherwise, the term “some” refers to one or more. Combinations
such as “at least one of A, B, or C,” “at least one of A, B, and C,” and “A, B, C, or
any combination thereof” include any combination of A, B, and/or C, and may
include multiples of A, multiples of B, or multiples of C. Specifically, combinations
such as “at least one of A, B, or C,” “at least one of A, B, and C,” and “A, B, C, or
any combination thereof” may be A only, B only, C only, A and B, A and C, B and
C, or A and B and C, where any such combinations may contain one or more
member or members of A, B, or C. All structural and functional equivalents to the
elements of the various aspects described throughout this disclosure that are known
or later come to be known to those of ordinary skill in the art are expressly
incorporated herein by reference and are intended to be encompassed by the claims.
Moreover, nothing disclosed herein is intended to be dedicated to the public
regardless of whether such disclosure is explicitly recited in the claims. No claim
element is to be construed as a means plus function unless the element is expressly

recited using the phrase “means for.”
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CLAIMS

WHAT IS CLAIMED IS:

1. A method of operating of a user equipment (UE), the UE having a processor
including a plurality of cores, the plurality of cores including a first core and remaining
cores, comprising:

determining a temperature of the first core of the plurality of cores, the first core
processing a load;

determining that the temperature of the first core is greater than a first threshold;

determining that the temperature of the first core is not greater than a second
threshold, the second threshold being greater than the first threshold; and

transferring at least a portion of the load of the first core to a second core of the
remaining cores in response to determining that the temperature of the first core is

greater than the first threshold.

2. The method of claim 1, further comprising determining temperatures of each core of
the remaining cores, wherein the at least the portion of the load of the first core is
transferred to the second core based on the determination of the temperatures of each

core of the remaining cores.

3. The method of claim 2, further comprising determining which of the remaining cores
has a lowest temperature, wherein the at least the portion of the load is transferred to the
second core in response to determining that the second core has the lowest temperature

of the remaining cores.

4. The method of claim 3, wherein the at least a portion of the load is all the load, and
all the load is transferred from the first core to the second core in response to

determining that the second core has the lowest temperature of the remaining cores.

5. The method of claim 4, further comprising determining that a temperature of the
second core is less than a third threshold, the third threshold being less than the first
threshold, wherein all the load is transferred to the second core in response to

determining that the second core has a temperature less than the third threshold.

17



WO 2016/069209 PCT/US2015/054048

6. The method of claim 4, further comprising:

powering up the second core before transferring all the load from the first core to
the second core; and

powering down the first core in response to transferring all the load from the

first core to the second core.

7. The method of claim 2, further comprising:

determining that each core of the remaining cores has a temperature greater than
a third threshold, the third threshold being less than the first threshold; and

transferring a remaining portion of the load to a set of cores of the remaining

cores to share the load between the second core and the set of cores.

8. The method of claim 7, further comprising determining a respective temperature
difference of the respective temperature of each of the remaining cores from the
temperature of the first core, wherein the load of the first core is shared among the

remaining cores based on the respective temperature differences of the remaining cores.

9. The method of claim 1, wherein the at least a portion of the load is transferred further
in response to determining that the temperature of the first core is not greater than the
second threshold, the method further comprising:

determining a second temperature of the first core of the plurality of cores;

determining that the second temperature of the first core is greater than the
second threshold; and

reducing a power consumption of the first core in response to determining that

the second temperature of the first core is greater than the second threshold.

10. The method of claim 9, wherein the reducing the power consumption of the first
core includes at least one of

reducing a frequency of the first core;

reducing a supply voltage of the first core;

power collapsing the first core; and

transferring all the load of the first code to at least one core of the remaining

COores.
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11. A thermal control module for managing thermal energy of a processor including a
plurality of cores, the plurality of cores including a first core and remaining cores,
comprising:

means for determining a temperature of the first core of the plurality of cores,
the first core processing a load;

means for determining that the temperature of the first core is greater than a first
threshold;

means for determining that the temperature of the first core is not greater than a
second threshold, the second threshold being greater than the first threshold; and

means for transferring at least a portion of the load of the first core to a second
core of the remaining cores in response to determining that the temperature of the first

core is greater than the first threshold.

12. The thermal control module of claim 11, further comprising means for determining
temperatures of each core of the remaining cores, wherein the at least the portion of the
load of the first core is transferred to the second core based on the determination of the

temperatures of each core of the remaining cores.

13. The thermal control module of claim 12, further comprising means for determining
which of the remaining cores has a lowest temperature, wherein the at least the portion
of the load is transferred to the second core in response to determining that the second

core has the lowest temperature of the remaining cores.

14. The thermal control module of claim 13, wherein the at least a portion of the load is
all the load, and all the load is transferred from the first core to the second core in
response to determining that the second core has the lowest temperature of the

remaining cores.

15. The thermal control module of claim 14, further comprising means for determining
that a temperature of the second core is less than a third threshold, the third threshold

being less than the first threshold, wherein all the load is transferred to the second core
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in response to determining that the second core has a temperature less than the third
threshold.

16. The thermal control module of claim 14, further comprising:

means for powering up the second core before transferring all the load from the
first core to the second core; and

means for powering down the first core in response to transferring all the load

from the first core to the second core.

17. The thermal control module of claim 12, further comprising;:
means for determining that each core of the remaining cores has a temperature
greater than a third threshold, the third threshold being less than the first threshold; and
means for transferring a remaining portion of the load to a set of cores of the

remaining cores to share the load between the second core and the set of cores.

18. The thermal control module of claim 17, further comprising means for determining a
respective temperature difference of the respective temperature of each of the remaining
cores from the temperature of the first core, wherein the means for transferring is
configured to share the load of the first core among the remaining cores based on the

respective temperature differences of the remaining cores.

19. The thermal control module of claim 11, wherein the means for transferring is
configured to transfer the at least a portion of the load further in response to determining
that the temperature of the first core is not greater than the second threshold, the thermal
control module further comprising:

means for determining a second temperature of the first core of the plurality of
cores;

means for determining that the second temperature of the first core is greater
than the second threshold; and

means for reducing a power consumption of the first core in response to
determining that the second temperature of the first core is greater than the second
threshold.
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20. The thermal control module of claim 19, wherein to reduce the power consumption
of the first core, the means for reducing the power consumption is configured to at least
one of

reduce a frequency of the first core;

reduce a supply voltage of the first core;

power collapse the first core; and

transfer all the load of the first code to at least one core of the remaining cores.

21. A thermal control module for managing thermal energy of a processor including a
plurality of cores, the plurality of cores including a first core and remaining cores,
comprising:
circuitry in electrical communication with a temperature sensor, wherein the

circuitry is configured to:

receive, from the temperature sensor, a temperature of the first core of
the plurality of cores, the first core processing a load;

determine that the temperature of the first core is greater than a first
threshold;

determine that the temperature of the first core is not greater than a
second threshold, the second threshold being greater than the first threshold; and

instruct the processor to transfer at least a portion of the load of the first
core to a second core of the remaining cores in response to determining that the

temperature of the first core is greater than the first threshold.

22. The thermal control module of claim 21, wherein the circuitry is further configured
to receive, from the temperature sensor, temperatures of each core of the remaining
cores, wherein the circuitry is further configured to instruct the processor to transfer the
at least the portion of the load of the first core to the second core based on the

temperatures of each core of the remaining cores.

23. The thermal control module of claim 22, wherein the circuitry is further configured
to determine which of the remaining cores has a lowest temperature, wherein the
circuitry is further configured to instruct the processor to transfer the at least the portion
of the load to the second core in response to determining that the second core has the

lowest temperature of the remaining cores.
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24. The thermal control module of claim 23, wherein the at least a portion of the load is
all the load, and wherein the circuitry is further configured to instruct the processor to
transfer all the load from the first core to the second core in response to determining that

the second core has the lowest temperature of the remaining cores.

25. The thermal control module of claim 24, wherein the circuitry is further configured
to determine that a temperature of the second core is less than a third threshold, the third
threshold being less than the first threshold, wherein the circuitry is further configured
to instruct the processor to transfer all the load to the second core in response to

determining that the second core has a temperature less than the third threshold.

26. The thermal control module of claim 24, wherein the circuitry is further configured
to instruct the processor to:

power up the second core before transferring all the load from the first core to
the second core; and

power down the first core in response to transferring all the load from the first

core to the second core.

27. The thermal control module of claim 22, wherein the circuitry is further configured
to:

determine that each core of the remaining cores has a temperature greater than a
third threshold, the third threshold being less than the first threshold; and

instruct the processor to transfer a remaining portion of the load to a set of cores

of the remaining cores to share the load between the second core and the set of cores.

28. The thermal control module of claim 27, wherein the circuitry is further configured
to determine a respective temperature difference of the temperature of each of the
remaining cores from the temperature of the first core, wherein the circuitry is
configured to instruct the processor to share the load of the first core among the

remaining cores based on the respective temperature differences of the remaining cores.

29. The thermal control module of claim 21, wherein the circuitry is further configured

to
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instruct the processor to transfer the at least a portion of the load further in
response to determining that the temperature of the first core is not greater than the
second threshold;

receive, from the temperature sensor, a second temperature of the first core of
the plurality of cores;

determine that the second temperature of the first core is greater than the second
threshold; and

instruct the processor to reduce a power consumption of the first core in
response to determining that the second temperature of the first core is greater than the

second threshold.

30. The thermal control module of claim 29, wherein to reduce the power consumption
of the first core, the circuity is configured to at least one of

reduce a frequency of the first core;

reduce a supply voltage of the first core;

power collapse the first core; and

instruct the processor to transfer all the load of the first code to at least one core

of the remaining cores.

31. A computer-readable medium storing computer executable code for interfacing with
a processor including a plurality of cores, the plurality of cores including a first core and
remaining cores, the computer-readable medium comprising code for:

determining a temperature of the first core of the plurality of cores, the first core
processing a load;

determining that the temperature of the first core is greater than a first threshold;

determining that the temperature of the first core is not greater than a second
threshold, the second threshold being greater than the first threshold; and

transferring at least a portion of the load of the first core to a second core of the
remaining cores in response to determining that the temperature of the first core is

greater than the first threshold.
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