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(57) Abstract: An apparatus for performing instruction
throttling for a computing system is disclosed. The apparat-
us may include a first counter, a second counter, and a con-
trol circuit. The second counter may be contigured to incre-
ment in response to a determination that a processing cycle
of a processor has completed. The control circuit may be
configured to initialize the first and second counters, detect
the processor has issued and instruction, decrement the first
counter in response to the detection of the issued instruc-
tion, block the processor from issuing instructions depend-
ent upon the a value of the first counter, reset the first
counter dependent upon a value of the second counter, and
reset the second counter in response to a determination that
the value of the second counter is greater than a pre-de-
termined value.
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POWER SUPPLY DROOP REDUCTION USING INSTRUCTION THROTTLING

BACKGROUND
Technical Field
16001} This invention relates to computing systems, and more particularly, to efficiently

reducing power consumption through throttling of selected problematic instructions.

Description of the Related Art

{6002 Geometric  dimensions of devices and metal routes on cach generation of
semiconductor processor cores are decreasing. Therefore, more functionality is provided with a
given area of on-die real estate. As a result, mobile devices, such as laptop computers, tablet
coraputers, smart phoues, video cameras, and the like, have increasing popularity. Typically,
these mobile devices receive clectrical power from a bhattery including one or more
electrochemical cells. Since batieries have a limited capacity, they are periodically connected to
an external source of energy to be recharged. A vital issue for these mobile devices is power
consumption. As power consumption increases, battery life for these devices is reduced and the
frequency of recharging increases.

HHHIXY As the density of devices increases on an mtegrated circuit with multiple pipelines,
larger cache memories, and more coraplex logic, the amount of capacitance that ray be charged
or discharged Im a given clock cycle significantly increases, resuiting in higher power
consumption. Additionally, a software application may execute particular computer program
code that may cause the hardware to reach a high power dissipation value. Such program code
could do this either unintentionally or intentionally (e.g., a power virus). The power dissipation
may climb due to multiple occurrences of given instruction types within the program code, and
the power dissipation may reach or exceed the thermal design power (TDP) or, in some cases, the
maxinwuim power dissipation, of an integrated circuit.

[6004] In addition to the above, a mobile device’s cooling system may be design for a given
TP, or a thermal design point. The cooling systemn may be able to dissipate a TDP vahue
without exceeding a maximurn junction temperature for an integrated circuit, However, multiple
occurrences of given instruction types may cause the power dissipation to exceed the TDP for the
integrated circuit. Further, there are current limits for the power supply that may be exceeded as

well, It power modes do not change the operating mode of the integrated cucuit or turn off
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particular functional blocks within the integrated circuit, the battery may be quickly discharged.
In addition, physical damage may occur. One approach to managing peak power dissipation may
be to simply limit instruction issue to a pre-determuined threshold value, which may result in
unacceptable computing performance.

[B005] In view of the above, efficient methods and mechanisms for reducing power

consumption through issue throttling of selected instructions are desired.

SUMMARY OF THE EMBODIMENTS

130061 Various embodiments of a circuit and method for implomenting instruction throttling
are disclosed. Broadly speaking, an apparatus and a method are contemplated in which a control
circuit is coupled o a first counier and a second counter. The second counter may be configured
to tncrement in response to the completion of a processing ¢ycle of a processor. The control
circuit may be configured to initialize the first and second counters, detect the issue of an
instruction by the processor, decrement the first counter dependent upon the detection of the
issued instruction, and block the processor from issuing instructions dependent upon a value of
the first counter. The control circuit may be further configured to reset the first counter dependent
upon the value of the second counter, and reset the second counter in response to g determination
that a value of the second counter is greater than a pre-determined value.

{8007 In one embodiment, the control circuit may be further configared to load 8 maximam
power credit value into the fivst counter.

16008] in a further embodiment, the control circuit may be further configured to send at least

one signal {0 a reservation station included in the processor,

BRIEF DESCRIPTION OF THE DRAWINGS

{0091 The following detailed description makes reference to the accompanying drawings,
which are now briefly described.

[6G10] FIG. 1 illustrates an embodiment of a systom on a chip.
[6011] FIG.
(6012} FIG.
{
f

A

ilfasirates an embodiment of a processor.

(]

.

iltustrates an embodiment of a multi-processor system with throttle control,
{313 FIG. 4 illustrates an embodiment of a throtile control circuit,
014 FIG. 5 illustrates a tlowchart depicting an embodiment of a method for operating a

throttle control circuit.

(%)
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[6015] FIG. 6 ilustrates a flowchart depicting an embodiment of a method for adjusting a
maximum number of power credits.

[6016] FIGG. 7 illustrates a flowchart depicting an embodiment of another method for
adjusting 8 maximuom number of power credits.

(80617} While the disclosure is susceptible to varions modifications and alternative forms,
specific embodiments thercof are shown by way of example in the drawings and will herein be
described in detail. It should be understood, however, that the drawings and detailed description
thereto are not intended to limit the disclosure to the particular form ithustrated, but on the
countrary, the intention is to cover all modifications, equivalents and aliernatives falling within the
spirit and scope of the present disclosure as defined by the appended claims. The headings used
heretn are for organizational purposes only and are not meant {0 be used to limit the scope of the
description.  As used throughout this application, the word “may” is used in a permissive seuse
{(i.c., meaning having the potential to), rather than the mandatory sense (i.¢., rmeaning must).
Similarly, the words “include,” “including,” and “includes™ mean inchuding, but not imited to.
[6018] Various umits, cirenits, or other components may be described as “configured to”
perform a task or tasks. In such contexis, “configured t0” 15 a broad recitation of structure
generally meaning “having circuitry that” performs the task or tasks during operation. As such,
the unit/circuit/component can be configured to perform the task even when the
unit/circait/component is not currently on.  In general, the circanitry that forms the structure
corresponding to  “configured 10" may include hardware cucutts.  Suwtlarly, wvarious
anits/circuits/components may be described as performing a task or tasks, for convenience in the
description.  Such deseriptions should be nterpreted as including the phrase “configured t0.”
Reciting a unit/circuit/coroponent that is configured to performa one or more tasks is expressly
mtended not to imvoke 35 US.Co § 112, paragraph six  interpretation for that
unit/circuit/component. More generally, the recitation of any clement is expressly intended not
to tnvoke 35 U.S.C. § 112, paragraph six interpretation for that element unless the language

“means for” or “step for” is specifically recited.

DETAILED DESCRIPTION OF EMBODIMENTS
(6019 To wmprove computational performance, a system-ow-a~chip (SoC) may include
multiple processors. While providing additional compute resources, the additional power
consumed by cach processor while executing instructions may result in a drop in power supply

voltage as rapid changes current dernand geoerated by the processors interact within inductive
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parasitic circuit elements within the SoC and an accompanying package or other mounting
apparatus. Some systems attempt to compensate for the rapid changes in current demand through
the use of on-die de-coupling capacitors which provide a mechanism for local energy storage on-
die. Other systems restrict the namber of instractions {commonly referred to as “throttling™) for
the processors that result in a large amount switching activity and dynamic power.

18020] Throttling a processor, however, may result in an unacceptable reduction in
computational performance. The determination of when to limit the issue of certain instructions
is a difficuilt, and the addition of multiple processors, further complicates the problem. The
embodiments iHustrated i the drawings and described below may provide techuiques for

throttling one or more processors while Hinmuting any degradation in coraputational performance.

Svatem-on-a-Chip Overview

{0021 A block diagram of an SoC is illustrated in FIG. 1. In the lustrated embodiment, the
SoC 100 includes 2 processor 101 coupled to memory block 102, and analog/mixed-signal block
103, and VO block 104 through internal bus 105, In various embodiments, SoC 100 may be
contigured for use in a mobile computing application such as, ¢.g., a tablet computer or cellular
tclephone. Transactions on internal bus 105 may be encoded according to one of various
communication protocols.

[8022] Memory block 102 may inclode any suitable type of memory such as a Dynamic
Randomn Access Memory (DRAM), a Static Random Access Memory (SRAM), a Read-only
Memory (ROM), Electrically Erasable Programmable Read-only Memory (EEPROM), a FLASH
memory, Phase Change Memory (PCM), or a Ferroelectric Random Access Memory (FeRAM),
for exaraple, 1t is noted that in the embodiment of an SoC illustrated in FIG. 1, a single memory
block is depicted. In other embodiments, any suitable number of memory blocks may be
employed.

(8623} As described in more detail below, processor 101 may, in various embodiments, be
representative of a general-purpose processor that performs computational operations. For
example, processor 101 may be a central processing unit (CPU) such as a microprocessor, a
microcontrotler, an application-specific mtegrated circuit (ASIC), or a field-programmable gate
array (FPGA).

160241 Analog/mixed-signal block 103 may include a varicty of circuits inclading, for
example, a crystal oscillator, a phase-locked loop (PLL), an analog-to-digital converter (ADC),

and a digital-to-analog converter (DAC) (all not shown). In other eraboduments, analog/mixed-
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signal block 103 may be configured to perform power management tasks with the inclusion of
on-chip power sapplies and voltage regulators, Analog/mixed-signal block 103 may also inclade,
in some embodiments, radio frequency (RF) circuits that may be counfigured for operation with
cellular telephone networks.

[8025) VO block 104 may be configured to coordinate data transfer between S0C 104 and
one or more peripheral devices. Such peripheral devices may include, without linitation, storage
devices (e.g., magnetic or optical media-based storage devices including hard drives, tape drives,
CD drives, DVD drives, etc.), audio processing subsystems, or any other suitable tvpe of
peripheral devices. In sorse embodiments, VO block 104 way be configured to imploment a
version of Universal Serial Bus (USB) protocol or IEEE 1394 (Firewire®) protocol.

3026} VO block 104 may also be configured to coordinate data transfer between SoC 100
and one or more devices (e.g., other computer systems or SoCs) coupled to SoC 180 via a
network, In one embodiment, /O block 104 may be configured to perform the data processing
necessary to implement an Ethernet (IEEE 802.3) networking standard such as Gigabit Ethernet
or 10-Gigabit Ethernet, for example, although it s contemplated that any suitable networking
standard may be implemented. In some embodiments, VO block 104 may be configured to
implement mulftiple discrete network interface ports.

{8027} Each of the functional blocks mmcluded in SoC 100 may be inchuded in separate power
and/or clock domains. In some embodiments, a fonctional block may be further divided into
smaller power and/or clock domains., Fach power and/or clock domain may, in some
embodiments, be separately controlled thereby selectively deactivating (either by stopping a

clock signal or discomnecting the power) individual functional blocks or portions thereof,

Processor Qvervigw

16028] Turning row to FIG. 2, a block diagram of an embodiment of a processor 200 is
shown. o the Hustrated embodiment, the processor 200 inchides a fetch control unit 201, an
instruction cache 202, a decode unit 204, a mapper 209, a scheduler 2006, a register file 207, an
execution core 208, and an interface unit 211, The fetch control unit 201 1s coupled to provide a
program counter address (PC) for fetching from the instruction cache 202, The jnstruction cache
202 is coupled to provide tustructions {(with PCs) to the decode unit 204, which is coupled to
provide decoded instruction operations (ops, again with PCs) to the mapper 205. The instruction
cache 202 is further configured to provide a hit indication and an ICache PC to the fetch control

unit 201, The mapper 205 s coupled to provide ops, a scheduler number (SCH#), source

4]
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operand mumbers {SO#s), one or more dependency vectors, and PCs to the scheduler 206. The
scheduler 206 is coupled to receive replay, mispredict, and exception indications from the
cxecution core 208, is coupled to provide a redirect indication and redivect PC to the fetch control
unit 201 and the mapper 205, 1s coupled to the register file 207, and is coupled to provide ops for
execution to the execution core 208, The register file is coupled to provide operands to the
execution core 208, and 15 coupled 1o receive resulis to be writien to the register file 207 from the
execution core 208. The execution core 208 is coupled to the interface unit 211, which is further
coupled to an external interface of the processor 200.

160251 Fetch control unit 201 may be configured to generate fetch PCs for instruction cache
202, In some embodiments, fetch control unit 201 may inchade one or more types of branch
predictors 212, For example, fetch control unit 202 may inchude indirect branch target predictors
configured to predict the target address for indirect branch instructions, conditional branch
predictors coufigured to predict the outcome of conditional branches, and/or any other suitable
type of branch predictor. During operation, fetch control unit 201 may generate a fetch PC based
on the output of a selected branch predictor. If the prediction later turns out to be incorrect, fetch
control unit 201 may be redivected to fetch from a differcut address. When generating a fetch
PC, in the absence of a nonsequential branch target {i.c., a branch or other redirection to a
nonsequential address, whether speculative or non-speculative), fetch control unit 201 may
generate a fetch PC as a sequential function of a current PC valae, For example, depending on
how many bytes are feiched from instruction cache 202 at a given time, feteh control unit 201
may generate a sequential fetch PC by adding a known offset to a current PC value.

[6030] The instruction cache 202 may be a cache memory for storing instructions to be
exocuted by the processor 200.  The wnstruction cache 202 may have any capacity and
construction {(¢.g. direct mapped, set associative, fully associative, etc.). The instruction cache
2012 may have any cache line size. For example, 64 byte cache lines may be implemented in an
embodiment.  Other embodiments may use larger or smaller cache hne sizes. In response to a
given PC from the feich controd unit 201, the instruction cache 202 may output up to a maximum
number of instractions. ¥t is contemplated that processor 2{{ may implement any suitabie
mstruction set architecture (ISA), such as, e.g. PowerPC™, or x86 ISAs, or combinations
thereof,

HHIXY In some embodiments, processor 200 may implement an address translation scherme in
which one or more virtual address spaces are made visible to executing software. Memory

accesses within the virtual address space are franslated to a physical address space corresponding

~J
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to the actual physical memory available to the systers, for example using a set of page tables,
segments, or other virtual memory translation schemes. In ersbodiments that employ address
translation, the nstruction cache 14 may be partially or completely addressed using physical
address bits rather than virtual address bits. For example, instruction cache 202 may use virtual
address bits for cache indexing and physical address bits for cache tags.

18032] I order to avoid the cost of performing a full memory translation when performing a
cache access, processor 200 may store a set of recent and/or frequently-used virtual-to-physical
address transiations in a translation lockaside buffer (TLB), such as Instruction TLB {ITLB) 203,
During operation, TTLB 203 (which may be tmplerented as a cache, as a content addressable
memory {CAM), or using any other suitable circuit structure) may receive virtual address
information and determine whether a valid fransiation is present. If so, ITLB 203 may provide
the corresponding physical address bits to instruction cache 202, f not, ITLB 20332 may cause the
translation to be determined, for exaraple by raising a virtual meraory exception,

{8033} The decode unit 204 may generally be configured to decode the instructions into
jstruction operations {ops). Generally, an instruction operation may be an operation that the
hardware included in the execution core 208 is capable of executing. FEach instruction may
translate to one or more mnstruction operations which, when executed, result in the operation{s)
defined for that instruction being performed according to the instruction set architecture
implemented by the processor 200, In some embodiments, cach instruction may decode into a
single instruction operation. The decode unit 16 may be configured to identify the type of
instruction, source operands, etc., and the decoded inmstruction operation may include the
mstruction along with some of the decode information. In other embodiments i which each
fostruction translates to a single op, each op roay stoply be the correspounding instruction or a
portion thereof {c.g. the opcode field or fields of the instruction). In some embodiments in which
there is a one-to-one correspondence between insiructions and ops, the decode unit 204 and
mapper 205 may be combined and/or the decode and mapping operations may oceur in one clock
cvele. In other embodiments, some instructions may decode into multiple instruction operations.
In some embodiments, the decode unit 16 may include any combination of circuitry and/or
microcoding o order to generate ops for instructions. For example, relatively simple op
generations {e.g. one or two ops per instruction) may be handled in hardware while more
extensive op generations (¢.g. more than threc ops for an instruction) may be handled in

microcode.
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{60341 Ops generated by the decode unit 204 may be provided to the mapper 205, The
mapper 205 may implement register renaming to map source register addresses from the ops to
the source operand numbers (SO#s) identifying the renamed source registers. Additionally, the
mapper 205 may be configured to assign a scheduler entry to store each op, identified by the
SCH#.  In an embodiment, the SCH# may also be configured to identify the rename register
assigned to the destination of the op. v other ernbodirsents, the rapper 205 may be coufigured
to assign a separate destination register number.  Additionally, the mapper 205 may be
configured to generate dependency vectors for the op. The dependency vectors may identify the
ops on which a given op 15 dependent. Tn an embodiment, dependencies are indicated by the
SCH# of the corresponding ops, and the dependency vector bit positions may correspond to
SCH#s. In other embodiments, dependencies may be recorded based on register numbers and the
dependency vector bit positions may correspond to the register numbers.

[B035] The mapper 205 may provide the ops, along with SCH#, SO#s, PCs, and dependency
vectors for cach op to the scheduler 206, The scheduler 206 may be configured to store the ops
in the scheduler entries identified by the respective SCHs, along with the SO#s and PCs. The
scheduler may be configured to store the dependency vectors in dependency arrays that evaluate
which ops are cligible for scheduling. The scheduler 206 may be configured to schedule the ops
for execution in the execution core 208, When an op 18 scheduled, the scheduler 206 may be
configured to read its source operands from the register {ile 207 and the source operands may be
provided to the exccution core 208, The execution core 208 may be configured to return the
resuits of ops that update registers to the register file 207, In some cases, the execution core 208
may forward a result that is to be writlen to the register file 207 in place of the value read from
the vegister file 207 (e.g. in the case of back to back scheduling of dependent ops).

6036} The execution core 208 may also be configured to detect various cvents during
execution of ops that may be reported to the scheduler. Branch ops may be mispredicted, and
some load/store ops may be replayed {e.g. for address-based conflicts of data being written/read).
Various exceptions may be detected (e.g. protection exceptions for memory accesses or for
privileged instructions being executed in non-privileged mode, exceptions for no address
translation, etc.). The exceptions may cause a corresponding exception handling routine to be
exccuted.

130371 The execution core 208 may be configured o execuie predicted branch ops, and may
receive the predicted target address that was originally provided to the fetch control unit 201,

The execution core 208 may be configured to calculate the target address from the operands of

9
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the branch op, and to compare the calculated target address to the predicted target address to
detect correct prediction or misprediction. The execution core 208 may also evaluate any other
prediction made with respect to the branch op, such as a prediction of the branch op’s direction.
If a misprediction is detected, execution core 208 may signal that fetch control unit 201 should be
redirected to the correct fetch target. Other units, such as the scheduler 206, the mapper 205, and
the decode unit 204 may flush pending ops/instructions from the speculative imstruction strearn
that are subsequent to or dependent upon the mispredicted branch.

16638] The execution core may include a data cache 209, which may be a cache memory for
storing data to be processed by the processor 200, Like the instruction cache 202, the data cache
209 may have any suitable capacity, construction, or line size (e.g. direct mapped, set associative,
fully associative, etc.). Moreover, the data cache 209 may differ from the instruction cache 202
i any of these details. As with instruction cache 202, in some embodiments, data cache 26 may
be partially or entirely addressed using physical address bits.  Correspondingly, a data TLB
(DTLB) 210 may be provided to cache virtual-to-physical address transiations for use in
accessing the data cache 209 1n a manner similar to that described above with respect to ITLB
203, 1t is noted that although ITLB 203 and DTLB 210 may perform similar functions, in
various embodiments they may be iraplemented differently.  For example, they may store
different numbers of translations and/or different transiation information.

{6039} The register file 207 wmay generally include any set of registers usable to store
operands and results of ops executed 1u the processor 200, In some erobodiments, the regisier
file 207 may include a set of physical registers and the mapper 205 may be configured to map the
logical registers to the physical registers. The logical registers may include both architected
registers specified by the instruction set architecture implomented by the processor 200 and
temporary registers that may be used as destinations of ops for temporary results {and sources of
subsequent ops as well). In other embodiments, the register file 207 may include an architected
register set containing the committed state of the logical registers and a speculative register set
containing speculative register state,

[6040] Throttle logic 213 may generally include the circuitry for determining the number of
certain types of mstractions that are being issued through schedaler 206, and sending the
gathered data through the throttle interface to a throttle control circuit. In some embodiments,
throttle logic 213 may include a table which contains entries corresponding to instruction types
that are to be counted. The table may be implemented as a register file, local memory, or any

other suitable storage civcuit. Additionally, throttle logic 213 may receive control signals from

10
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the throttle control circuit through the throttle interface. The control signals may allow throttle
logic 213 {0 adjust how instructions are scheduled within scheduler 206 n order to limit the
nurnber of certain types of instructions that can be executed.

{3041} The interface unit 211 may generally include the circuitry for imterfacing the
processor 200 to other devices on the external interface. The external interface may include any
type of interconnect (e.g. bus, packet, eic.). The external interface may be an on-chip
interconnect, if the processor 200 is integrated with one or more other components {¢.g. a system
on a chip configuration). The external imterface may be on off-chip interconnect to external
circuitry, if the processor 200 is not integrated with other components, In various embodiments,

the processor 200 may tmplement any instruction set architecture.

Instruction Throttling

10042] Turning to FIG. 3, an embodirsent of a multi-processor system is illustrated. In the
ihustrated embodiment, system 300 includes processor core 301, processor core 303, and throttle
circuit 302, In some embodiments, systerm 300 may be included in an SoC such as, SoC 100 as
ithustrated in FIG. 1, for example. Processor cores 301 and 303 may, in other embodiments,
correspond to processor 101 of SoC 100 as depicted in the embodiment illustrated in FIG. 1.
130431 Processor core 301 includes throttle circuit 304, and processor core includes throttle
circuit 305, In some embodiments, throttle circuit 304 and throttle circuit 305 may detect the
issue of high power instructions in processor core 301 and processor core 303, respectively. High
power instructions may inchide one or more instructions from a set of instructions supported by a
processor that have been previously identified as generating high power consumption during
exocution. For example, a floating-point (FP), single-instruction-multiple-data  (SIMID)
instruction type may have wide data lanes for processing vector elements during a multi-cycle
latency. Data transitions on such wide data lanes may contribute to high switching power during
the execution of such an instruction,

j0044] Reservation stations 304 and 305 may transmit information indicative of the number
and type of pending instructions processor core 301 and 303, respectively, to throttle circuit 303,
Throttle circuit 302 may estimate the power being consumed by processor core 301 and
processor core 303 based on the received information from throttle circuits 304 and 305, Based
on the power cstimate, throttle circuit 202 limit (also referred to herein as “throttle”) the number
of high power instructions being issued in processor core 301 and processor core 303, In some

crubodiments, throttle circuit 302 may adjust a number of imstructions that may be issued in

11
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upcoming cycles dependent upon the nformation received from reservation stations 304 and 3035,
The mumber of instructions may be increased or decreased in response to pending instructions in
order to finut rapid changes in power consumption. Through the limitation of rapid changes in
power consumption, some embodiments may avoid resonance points in a package sub-system,
thereby reducing momentary reduction in power supply voltage {commonly referred to as
“droop” or “power supply droop™).

[6045] In some embodiments, throttle control circuit 302 may set the same limit on the
number of instructions o be issued for both processor core 301 and processor core 303, Throttie
contrel circuit 302 may, in other emboduments, set one limit on the number of instractions 1o be
issued for processor core 301, and set a different limit on the number of instructions to be issued
for processor core 303.

{8046} It is noted that the embodiment of a system llustrated in FIG. 3 is merely an example.
In other embodirnents, different numbers of processor cores and throttle control circuits may be
employed.

160471 An embodiment of a throttle control circuit is illustrated n FIG. 4. In some
embodiments, throttle control circait 400 may correspond to throttle control civenit 302 of system
300 as illustrated in FIG. 3. In the illustrated cmibodiment, throttle control circuit 400 includes
average power calculator 402, control logic 403, power counter 404, and cyele counter 405,
[B048] Average calculator 402 may, in various embodiments, be configured to maintain a
moving average of consumed power based on jastructions issued by 00C OF MOTS Processor Cores
such as, ¢.g., processor cores 301 and 303 as illustrated in FIG. 3. In some embodiments, power
mformation for cach received mstruction mway also be received from a reservation station, such
as, e.g., reservation station 304 or 30 as iHustrated in FIG. 3. Moving average 408 wmay be
accumulated over a pre-determined mumber of processor cycles. In some embodiments, the
number of cyeles over which the moving average is accumulated may vary during operation. A
Linear Feedback Shift Register (LFSR), or any other suitable sequential logic circuit, may be
employed by average calculator 402 in some erabodiments, to avoid aliasing (i.c., the mahility to
distinguish between power values for issued instructions). In various embodiments, average
calculator 402 may be implemented as a dedicated sequential logic circuit or any other suitable
processing clement.

{60491 Power counter 404 may be configured, in various embodiments, to track a number of
power credits consumed during a cycle window. A cycle window may include one or more

processing cyeles of a processor. In various embodiments, the number of cycles mcluded o the
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cvele window may be a function of a maximum number of instructions that may be performed
within a single cycle. Power counter 404 may, in some embodiments, be configured to count
down from a pre-determined number of power credits, which may be generated by a control
circuit such as, e.g., control circuit 433, and sent power counter 4034 via power credit signal 410,
In other embodiments, power counter 404 may be configured to count up to the pre-determined
value. When power counter 404 detects an end condition such as, ¢.g., the pre-determined power
credits have been decremented to zero, maximum power signal 409 may be asserted.

{6058} Counters as described and used herein may be a specific embodiment of a sequential
logic circuit which is designed to tfransition between a set of pre-defined logical states in a pre-
determined order in order to note a number of times a particular event or process has occurred. A
counter may be implemented according to one of varicus design styles such as, eg,
asynchronous ripple counters, synchronous counters, ring counters, and the like. In some
cmbodiments, a counter may be configured s0 a value of the counter may be reset or inttialized to
a know valie. The reset or initialization may, in various embodiments, be performed in a
synchronous or asynchronous fashion.

(60511 Cyele counter 405 may be configured, in various embodiments, to not the number of
times a processing ¢ycle of a processor has occurred. In some embodiments, cycle counter 405
may increment upon the completion of cach processing cyele untit a pre-determined mumber of
cycles has been completed (a “cycle window™) at which point cyele counter 405 may assert cycle
window completion signal 412, The pre-determined number of cycles may, in various
embodiments, be adjusted by control circuit 403.

[6052] In various embodiments, control circuit 403 may be configured to generated block
issue convnand 413 in response power counter 404 signaling via maximurn power signal 409,
Block issue command 413 may, in some embodiments, signal t0 one or more reservation stations
to prevent further issuing of instructions within a processor. As will be described below in
reference to FIG. 6 and FIG. 7, control circuit 403 may be further configured to adjust a pre-
determined maximum number of power credits that may be consumed during a given cycle
window. In some embodiments, control circuit 403 may receive moving average 408 which may
be used in conjunction with the current state of clock issue command 413, the state of block issue
command 413 from a previous cycle window, and a current power raode to determine an adjust
to the pre-determined maximum number of power credits.

HHERY Control circuit 403 may be implemented according to one of various design styles. In
some ernbodiments, control circuit 403 may be imaplemented as a dedicated logice cirenit while, in

13
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other embodiments, control circuit 403 may be implemented as a general parpose processor
executing program nstructions stored in 8 memory {(not shown).

HHIREY It is noted that the crmbodiment illustrated in FIG. 4 15 merely an example. In other
embodiments, different functional blocks or different configurations of functional blocks are
possible and conternplated.

HHUIRRY Turning to FIG. §, a flowchant depicting a method of operating a throttle circuit such
as, ¢.g., throttle circuit 400, included in a computing system is illustrated. Referring collectively
to throttle circuit 400 as illustrated in FIG. 4 and the flowchart depicted in FiG. 5, the method
begins in block 501, Cycle counter 405 wmay then be inttiahzed (block 502). In somse
embodiments, control circuit 403 may load a starting value into cycle counter 405 while, in other
embodiments, cycle counter 405 may be configured to reset in response to a command from
control circuit 403.

18036] Once cycle counter 403 has been jmtialized, power counter 404 ray then be
initialized (block 503). In various embodiments, a pre-determined maximum number of power
credits may be loaded into power coanter 404 by control circuit 403, A different maximum
nunber of power credits may be loaded into power counter 404 for each cycle window (ic., a
collection of two or more processing cycles). The method then depends on the number of cycles
that have been processed (block 504).

{8057} When a value of cycle counter 405 is equal to a pre-determined number of cycles, a
cvele window has been completed and the method may proceed from block 502 as described
above. When the value of cycle counter 405 is less than the pre-determined number of cycles, the
method may then depend on whether control circuit 403 has activated block issue comnmand 413
{(block 505). When block issue conumand 413 has been activated, cyele counter 405 roay then be
incremented (block 509). In some embodiments, cycle counter 405 may incremented in a
synchronous fashion while, in other embodiments, cycle counter 405 may be incremented in an
asynchronous fashion. Once cycle counter 405 has been incremented, the method may then
proceed as described above in reference to block 504,

{HIREY When block issue command 413 has not been asserted, an instruction may then be
issued (block 506). In some embodiments, multiple nstructions from respective reservation
stations included within respective processors may be issued. Power counter 404 may then be
decremented in response to the issuance of the instruction (block 5307). In various embodiments,

the issued nstruction may also be used by average calculator 402 to update a nmning average of
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power being consumed by the computing system as described below in more detail in reference
to FI1GL 7.

{3059 Once power counter 404 has been decremented, the method may then depend control
circuit 403 may assert block issue command 413 to prevent any farther instructions from issuing
during the remaining portion of the current cycle window (block 308). Tn some embodiments,
block issue command 413 may remain asserted untid the end of the current cycle window at
which point a logic state of a storage circuit such as, e.g., a flip-tiop or latch, may be changed to
indicate that block issue command 413 had been asserted. The state of the storage circuit may
then be used in adjusting the vahue of maximum number of power credits as described below in
more detail in reference to FIG. 7. Once block issue command 413 has been asserted, the method
may then proceed from block 509 as described above.

[8060] It is noted that the method illustrated 1o FIG. 5 18 merely an example. Tn other
crubodiments, different operations and different orders of operations are possible and
contemplated.

(60611 An embodiment of a method for adjusting a number of maximum power credits of a
throttle circuir, such as, ¢.g., throttle circuit 400 as lustrated in FIG. 4, to adjust a power
threshold is depicted o FIG. 6. Referring collectively to throttle circuit and the flowchart
ithustrated in FIG. 6, the method begins in block 601.A cyele window may then be processed
{block 602) to determine if the further 1ssuvance of instructions needs to be blocked or halted. Tn
some embodiments, the cycle window may be processed using the method depicted 1o the
flowchart itustrated in FEG. S In other embodiments, other methods of procgssing a cycie
window may be employed.

(60621 Once the cycle window has heen processed, control logic 403 may then check to
determine if instruction issue has been blocked (block 603). When it is determined that during the
cycie window (i.e., a number of processing cycles of one or more processors, such as, ¢.g.,
processor 101 of 50C 100 as illustrated in FIG. 1), no instructions were blocked, the method
conchudes (block 606). In some embodiments, the determination of if the issuance of ingtructions
was blocked may be responsive 10 a number of power credits being greater than a pre-determined
threshold value. The pre-determined threshold vahie may, in various embodiments, be zero
credits, or any other suitable threshold vahue,

60631 When it is determined that during the course of the cyecle window, that the issuance of
instractions was blocked, the method may depend on if a number of power credits measured over
back-to-back cycles are greater than a pre-determined threshold bmit (block 604). In some

15
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embodiments, the back-to-back threshold vahie may be zero, or any other suitable value. When
the number of back-to-back power credits 18 less than the pre-determined threshold himit, the
method may conciude (block 6006).

{3064} When the pumber of back-to-back power credits is greater than or equal the pre-
determined threshold himit, a number of power credits for the next cycle window may then be
increased (block 604). In some embodiments, the new number of power credits may be loaded
into power counter 404 or any other suitable logic circuit capable of tracking the mumber of
power credits as credits are consumed through the execution of instructions.

6065} In some embodiruents, the number of power credits may be increased by a pre-
determined value. The pre-detormined value may, in various embodiments, be dependent upon a
maximum number of instructions that may be performed within a given processor cycle. In other
embodiments, a maximum power level may be divided into a number of power levels {also
referred to herein as “threshold levels” or “power thresholds™), such that cach level power level
may correspond a number of power credits.

{60661 Once the new number of power credits has been determined, the method may then
conclude in block 605, It 15 noted that the method depicted in the flowchart Ulustrated n FIG. 615
merely an example. in other embodiments, different operations and different orders of operations
are possible and conternplated.

8067} Turning to FIG. 7, another method for adjusting a maximum number of power credits
for a throttle circuit, such as, c.g, throttle circuit 400, jacluded in a computing system s
depicted. Referring collectively to throttie circuit 400 of FIG. 4 and the flowchart iflustraied in
FIG. 7, the method begins in block 701, Average calculator 402 may then update the moving
average of the current consuraption (block 702). In some embodiments, average calculator 402
may receive instructions which have been issued from a reservation station while, in other
embodiments, a power value for ecach recetved instruction may also be received. Average
calculator 402 may, in various embodiments, employ a linear feedback shift register or other
suitable sequential logic to vary a number of cycles over which the running average is calculated.
In some embodiments, the use of a varying number of cycles over which to determine the
running average may reduce situations where power numbers for the various issued instroctions

<

become indistinguishable (commonly reforred fo as “aliasing”).
3068] Once the running average of the power has been updated, the method may then
depend on a current operational state of the system {block 703). When control circuit 402

determines that the system 5 already operating in its lowest power mode, the roethod may then
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conchide in block 708, When control circuit 403 determines that the system is operating is not
operating in its lowest power mode, the method may then depend on if instruction throttling (e,
the issue of one or more instructions was blocked) was performed in a previous cycle window
{block 704). In some embodiments, a cycle window immediately preceding a current cycle
window may be used in the determination while, in other ernbodiments, instruction throtthng in
multiple previous cycle windows may be examined.

{8069} When control circuit 402 determines that instruction throttling was performed in a
previous cycle window, the method may then conclade in block 708, When control circuit 403
determined that instruction throttle was not performed in the previous cycle window, the method
may then depend on if instruction throttling is being performed in a current cycle window (block
703). In cases where control circuit 403 determines that instruction throttling is being performed
in the current cycle window, the method may then counchide 1 block 708,

18070] In situations where justruction throttling 1s not being performed in the current cycle
window, the method may then depend on a comparison between the running average of the
power and a lower power mode (block 706). In some embodiments, the lower power mode may
be one of multiple power modes cach of which may correspond 10 a maximum number of power
credits that may be consumed within a cycle window. Each possible maximum number of power
credits may correspond to a mumber of instructions that may be issued within the cyele window.
When control circuit 403 determines that the running average of the power is greater than or
equal to a desired lower power level, the method may then conclude 1o block 707, T, however,
control circuit 403 determines that the running average of the power is less than the desired fower
power level, control circuit 403 may then lower a power threshold value (block 707). Tu some
embodiments, the lower power threshold value may correspond to a maximurn nurober of power
credits that may be consumed during a cycle window. Control circuit 403 may, in various
embodiments, load the maximum number of power credits corresponding to the lower power
threshold into power counter 404 at the start of a next cycle window. Once the power threshold
has been decreased, the method may conclude in block 708,

160711 it is noted that the operations of the method ilustrated in the flowchart of FIG. 7 are
depicted as being performed in a sequential fashion. In other embodirnents, one or more of the
operations oay be performoed in paralich

160721 Numerous variations and modifications will become apparent to those skilled in the
art once the above discloswre is fully appreciated. ¥t is intended that the following claims be

interpreted to erbrace all such variations and modifications.
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WHAT IS CLAIMED IS:

I. An apparatus, comprising:
a first counter contfigured to count a number of power credits;
a second counter configared to increment responsive to completion of a processing cycle
of a processor; and
a control circuit coupled to the power credit counter and the cycle counter, wherein the
control circuit is configured to:
mtialize the first counter;
initialize the second counter;
detect an issue of an instruction in the processor;
decrement the first counter dependent upon the detection of the issue of the
mstruction;
block the processor from issuing instructions dependent upon a value of the first
counter;
reset the power credit counter dependent upon a value of the second; and
reset the second counter responsive to a8 determination that the value of the second

counter is greater than a pre-determined value,

2. The apparatus of claima 1, wherein to initialize the first counter, the countrol circuit is

further configured to load a maximum power credit value into the first counter.

3. The apparatus of claim 1, wherein to block the processor from issuing mstructions, the
controf circuit is further configured to send at least one signal to a reservation station included in

the processor.

4. The apparatus of claim 1, further comprising an average power calculation unit

configured to calculate an average power dependent upon the instruction issued by the processor,

5. The apparatus of claim 1, wherein the control circuit is further configured to increase the
maximum power credit value dependent upon the blocking the processor from issuing

instructions.



WO 2015/013080 PCT/US2014/046865

6. The apparatus of claim 4, wherein the control circuit 1s further configured to decrease the
maximum power credit value dependent apon the average power,

7 The apparatus of claim 4, further comprising a power weight unit coupled to the average
power calculation umit, wherein the power weight unit is configured to scale a power valuae for

the instruction.

=%

A method, comprising:

mitializing a number of power credits with 2 maximum murober of power credits;

determining a cycle window has not compieted;

determining instruction issuing is not blocked;

issuing one or more instructions dependent upon the determination that the cycle window
has not completed and the determination that instruction issuing is not blocked;

decrementing the mamber of power credits responsive to the issuing of the instruction;

activating blocking of instracting issuing responsive to a determination that the number of
power credits s less than or equal to a pre-determined threshold; and

resetting the number of power credits to the maximum number of power credits

responsive to a determination that the cyele window has completed.

9. The method of claim 8, further comprising calculating an average power dependent upon

the issued one or more instructions,

10. The method of claim 9, wherein calculating the average power comprising scaling a

power value for cach instraction of the issued one or more instructions.

I The method of claim 3, further comprising increasing the maximum number of power

credits responsive to activating the blocking of instruction issuing.

12. The method of claim 9, farther comprising decreasing the maximum number of power

credits dependent upon the calculated average power,
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13. The method of claim 12, wherein decreasing the maximuom namber of power credits is
further dependent upon if activating the blocking of fnstruction 1ssuing occurred during a

preceding cycie window.

{4, The method of claim 13, wherein decreasing the maxinum number of power credits is
turther dependent upon if activating the blocking of instruction issuing occurred during a current

cyele window,

15, A system, comprising:

a first processor;

a second processor; and

a throtile control circuit, wherein the throttle control cireuit is configured to:

deterraine a cycle window has not completed;

determine instruction issuing is not blocked;

issue one or more instructions dependent apon the determination that the cycle window
has vot completed and the determination that instruction issuing s not blocked;

decrement a number of available power credits responsive to the issuing of the
instruction;

activate blocking of instructing issuing responsive to a determination that the mumber of
available power credits is greater than a pre-determined threshold; and

reset the number of available power credits responsive to a determination that the cycle

window has completed.

16. The systern of claim 15, wherein to decrement the mumber of available power credits, the

throttle control circuit is further configured to decrement a value of a first conter.

17. The system of claim 16, wherein to resct the number of available power credits, the
throttie control circuit is further configured to set the value of the first counter to a pre-

determined value.

18. The systemn of claira 15, wherein to determine the cycle window has completed, the
throttle control circuit is further configured to compare a value of a second counter to a

maximun nunber of cycles.

20
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19, The system of claimn 15, wherein the throttle control circait is further configured to
calculate an average power dependent upon the issued one or more instructions.

24, The system of claim 19, wherein to calculate the average power, the throttle circait is

further configured to scale a power value for each instruction of the issued one or more

nstructions.

21
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