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BACKGROUND Today, very few alternatives exist to control the lPQ{kuq@h
m croprocessor's power and tenperature when a nmicroprocessor i S running.

This is true for both nobile and desk-top personal conputers. A

m croprocessor systemis often designed assum ng that the m croprocessor
w Il be used continuously at its worst case power dissipation. Extensive
systemverification is perfornmed to ensure that this design condition can
be net, before the product can be rel eased into production. Today's
m-croprocessors feature nultiple reduced power states which can be
activated when the m croprocessor systemis not busy. In X86 class

m croprocessors, these features are usually called SMM ( Syst em Managenent

Mode) . Power SELF REGULATING TEMPERATURE/PERFORMANCE/

VOLTAGE SCHEME FOR MICROS (X86)

BACKGROUND

Today, very few alternatives exist to control the
microprocessor's power and temperature when a microprocessor
is running. This is true for both mobile and -desk-top
personal computers. A microprocessor system is often
designed assuming that the microprocessor will be used
continuously at its worst case power dissipation. Extensive
system verification is performed to ensure that this design

' condition can be met, bgfore the product can-be released

into production.

TodaY's microprocessors feature multiple reduced power
states which can be activated when the microprocessor system
is not busy. 1In X86 class microprocessors, these features
are usually called SMM (System Management Mode). Power
consumption can be reduced to progressively lower levels by:

. Halting logical operations within the microprocessor
* . Stopping the clock to the microprocessor
. Turning power off to the microprocessor

These are particularly useful features for mobile

personal computers where the battery life is limited.
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gonsunption can be reduced to progressively |ower |evels by: * Hal ti ng

| ogi cal operations within the m croprocessor * Stopping the clock to the
m croprocessor * Turning power off to the mcroprocessor These are
particularly useful features for nobile personal conputers where the
battery life is limted. However, all of the above procedures are course
count erneasures that conpletely stop produ%tive wor k by the m croprocessor.
As a "fail-safe" node, sonme systens have ifistalled power sensors wth
external logic to turn down the clock in the event of a thermal overrun.
When this "fail-safe” node is activated, the resulting perfornmance
degradation can be quite severe, i.e., ten tines.

However, all of the above procedures are course
countermeasures that completely stop productive work by the
microprocessor.

As a “fail-safe” mode, some systems have installed
power sensors with external logic to turn down the clock in
the event of a thermal overrun. When this “fail-safe” mode
is activated, the resulting performance degradation can be

quite severe, i.e., ten times.

Other microprocessor and innovations seek to operate
the microprocessor at or near some specified operating
characteristics. E.g., US Patent No. 5,488,288 to Elmer:
teaches the use of a voltage regulator that responds to
temperature and process variations and compensates for
switching speed fluctuations by generating an internal
operating voltage and cbﬁtrolling it such that it

compensates for these fluctuations.

US Patent No. 5,498,971 to Turnball teaches the use of
an on-chip circuit element which has parameters that vary as
a function of temperature and the use of off-chip circuitry
to both measure the die temperature and slow the clock
frequency of the circuit during excessive temperature
conditions. This is done by supplying two predetermined
voltages, each generated by a circuit element that varies
with temperature, to the output.pins of the die, measuring
the voltage difference and generating a signal
representative of the die temperature which is used to

control the clock frequency.



A4

£ her m croprocessor and innovations seek to operate the m croprocessor at
or near sone specified operating characteristics. E g., US Patent No.
5,488,288 to El mer teaches the use of a voltage regulator that responds to
tenperature and process variations and conpensates for sw tching speed
fluctuations by generating an internal operating voltage and controlling it
such that it conpensates for these fluctuafions. US Patent No. 5,498,971 to
Turnbal | teaches the use of an on-chip circuit el enent which has paraneters
that vary as a function of tenperature and the use of off-chip circuitry to
bot h measure the die tenperature and slow the clock frequency of the
circuit during excessive tenperature conditions. This is done by
supplying two predeterm ned vol tages, each generated by a circuit el enent
that varies wit St #qremdt fr.et4q 520t @gwmtpiets adf ishamithemesslmthgnt he

vol tage di hefaRch ANTAYVURSA WY F Bdiilled to a temperature sensing
unit. Schutz uses predetermined voltage and temperature
relationships to increase the voltage during periods of high
chip temperature that would otherwise degrade the
performance of the microprocessor chip. Schutz also uses a
set of predetermined device characteristics to limit the

increase within specified limits.

The focus of all these latter solutions is on using
voltage and temperature to stabilize performance or to
prevent thermal overrun. Performance is often gauged by
measuring one of the two parameters against the other.
Other operational characteristics are ignored. :

These solutlons fail to exploit an opportunity. A
great deal of the time the microprocessor is not at its
maximum power dissipation and it rarely approaches its
maximum safe temperature. Even systems that attempt to
stabilize performance over a variety of temperature ranges
don't fully exploit the fact that most of the time the

microprocessor and its system could support more operations.

This invention uses both temperature and voltage
opportunistically. It exploits the fact that a
miéroprocessor sYstem is rarely running at its worst case
power dissipation. It monitors the system in a variety of
ways; employing variables beyond temperature and voltage.
Any action taken to optimize system performance becomes a
function of the activities being performed or not being
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representatlve of the die tenperature which is used to control the clock
* frequency. 3 US Patent 5,440,520 to Schutz et al is another solution in
which a voltage map is coupled to a tenperature sensing unit. Schutz uses
predeterm ned vol tage and tenperature rel ationships to increase the voltage
during periods of high chip tenperature that would otherw se degrade the
performance of the m croprocessor chip. Sghutz al so uses a set of
predet ermi ned device characteristics to limt the increase within speC|f|ed
limts. The focus of all these latter solutions is on- using voltage and
tenperature to stabilize performance or to prevent thermal overrun.
Performance is often gauged by

performed rather than waiting until these activities produce

a result that requires action effecting either voltage or

temperature.
SUMMARY OF THE INVENTION

It is therefore an object of this invention to create a
method and system for managing the performance of a
microprocessor that uses various activity states and
variables to maximize the pefformance of a midroproéessor

system.

It is another object of this ‘invention to provide a
strategy and mechanism which oppogtunistically take
advantage of the differences between optimum design
conditions and typical bperating conditions of voltage and
temperature that are usually not at the worst case

conditions for a microprocessor.

Another object of this invention is to keep a
microprocessor or microprocessors operating within its

optimum performance region as frequently as possible.

These objectives are satisfied according to this
invention by monitoring the temperature of the |
microprocessor continuously, and introducing other variables
to keep the microprocessor operating at its instantaneous

maximum allowable performance.

i e
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Jreasuring one of the two paraneters against the other. O her operationa
characteristics are ignored. These solutions fail to exploit an
opportunity. A great deal of the time the mcroprocessor is not at its
maxi mum power dissipation and it rarely approaches its nmaxi num safe
tenperature. Even systens that attenpt to stabilize performance over a
variety of tenperature ranges don't fully exploit the fact that nost of the
tinme the mcroprocessor and its system coutd support nore operations. This
i nvention uses both tenperature and voltage opportunistically. It exploits
the fact that a mcroprocessor systemis rarely running at its worst case
"power dissipation. It nonitors the systemin a variety of ways; enpl oyi ng

Syst om per f of naBESBeTa TSt SR RS (PRI (Y A b SRR e or

not bei ng function. The processor alone can determine the best
combination of these variables to tune its performance to a
maximum dependant upon the functions being executed in real
time and within the constraints of the real time
environment. The processor can, for instance, be operated
beyond the normal voltage design limit, if the temperature
is known to be within some bounds. '

In support of the goal to stay in the maximum
performance range of the system for as much time as
possible, a number of qpeiéting states are defined. While
in each state the processor and its system, monitor the
environmental and executional state of the system and
processor in real time. Movement between states is based on
the parameters chosen for monitoring.

A processor performance control module will control the
states and resulting actions and will have continuous input
from the on-chip temperature sensing device. Upon every “n”
clock boundary the processor will evaluate the current
operating conditions to determine what action is to be taken

and what state it should be in.

is Sheet Has Been | laced .
‘ <i Co - THIS SHEET HAS BEEN
HII|I|| |
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{REPLACEMENT SHEET -4- perforned rather than waiting until these activities
produce a result that requires action effecting either voltage or
tenperature. A need thus exists to provide a nethod and system for nanagi ng
t he performance of ‘a m croprocessor that uses various activity states and
vari ables to maxi m ze the performance of a m croprocessor system A further
need exists to provide a strategy and nmechani sm whi ch opportunistically
take advantage of the differences between ®ptimum desi gn conditions and
typi cal operating conditions of voltage and tenperature that are usually
not at the worst case conditions for -a m croprocessor. Another_need exists
to keep a m croprocessor or mcroprocessors operating within its optinmm
performance region as frequently as possible. SUMVARY According to an

aspect of the present invention, there is provided a processor
BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example
and not limitation in the figures of the accompanying
drawing in which like references indicate similar elements.
FIG. 1 is a nomograph with axes of temperature and voltage
which depicts regions in which a microprocessor may be

operated.

FIG. 2 is a flowchart which illustrates the flow of the
switching control of this invention as well as its states.

FIG. 3 is a block diagram of the performance control
and automatic control of this invention and related inputs

and outputs.

FIG. 4 is a diagram using simple logic blocks of the

automatic control logic of this invention.

DETAILED DESCRIPTION OF THE INVENTION

The functions operating at any moment by a processor
are important parameters fo'be considered in performance
maximization. The action taken may be determined in part by
the program under execution. To exploit this end, the
processor will keep an ongoing status of the instruction
type(s) in execution. These instruction types can be

broadly characterized as:



_having first and second cl ocking frequencies differing fromone another and
‘greater than zero, and first and second operating vol tages differing from
one anot her and greater than zero, conprising: a) a tenperature sensing
circuit providing a tenperature signal which corresponds to the current
tenperature of the processor; b) a performance control which nonitors
functional operations of the processor; ang c) a |l ogi c network which
receives information fromthe performance control and the tenperature .’
sensing circuit to select appropriate conbinations of said first and second
cl ocking frequencies and said first and second.operating voltages, and to
control operation of the processor. According to another aspect of the

present inyenti gy, tPeLEsbaeRbAY ded a method for optimzing the
performance of a processor ﬁaV|ng a plurality of functional units,

conpri si ng *t he RERCHffuggtionssyitching froma normal activity state to
an accel erated agddvsterstahfisrheg at | east one of said plurality of
functional units are operati ng ang the sensed tenperature of the processor

i s bel ow art opt ifHARR ¢ aPRFEALdPSperation at the

Each of these functions have associated dedicated
hardware. In superscalar microprocessors, this hardware is
' often in the form of separate units; and there may be
multiple copies of such units. For example: there may be
two arithmetic units. In some caseé, the units may be
‘further broken down into more elementary units such as
“rotate!', “add', “or', etc.

In super scalar microprocessofs, more than one type of
operation can be in execution at any one time. To achieve
optimum performance, it would be best to monitor all such
activity and selectively activate operations not only to
achieve the desired throughput but also to assure that the
processor is opefating close to its performance limits.

FIG. 1 shows a nomograph, with axes of temperature and
voltage, depicting regions in which a microprocessor might
be operated. The boundary to the left is determined by the
lowest voltage at which the circuits will operate
satisfactorily. The boundary to the right is determined by
the safe stress level of the technology. Notice-fhis
rightmost boundary is a function of both temperature and

voltage.



.accelerated activity state; b) Enabling a utilization control which
constrains operation of at |east one of said plurality of functional units
of the processor when the sensed tenperature of the -4a -« processor is
bet ween the opti numtenperature and a not to exceed tenperature for the
accelerated activity state; and c) Swi tching fromthe accel erated
activity state to a nornmal activity stategwhen the sensed tenperature of
the processor is greater than the not to exceed tenperature for operating
at the accelerated activity state. According to a further aspect of the
present invention, there is provided an apparatus for optim zing the
performance of a processor having a plurality of functional units, a

owi tahi ng o an TREctel abBd Vs LRRSIaRIoRoBR-SFATE F1 SYPA RAr mal Vol tage

and cl ock stpeeifheation| sheetdse “edrsti caged wEdrdtingd gadmrti.ond® units are
rectangle determined by this point and a low voltage -
operating limit at similar temperature defines the specified
operating conditions. Notice that the technology can safely
support higher operating voltages, and by implication,
higher performance; IF the worst case temperature is not
apprdached. Indeed, under normal operating conditions, the
worst case temperature is rarely approached. The shaded
rectangle portrays a more optimum performance region which
the real time temperature will frequently allow. .

The purpose of this invention is to keep the
microprocessor operating within this more optimum
performance region as shown by the shaded rectangle as
frequently as possible.- In support of this goal, a number
of other operating states are defined which decrease power
dissipation and therefore operating temperature.

Referring now to FIG. 2; a “Switching Control Flow
Diagram” for this invention is shown. The more optimum
performance region is the box marked 4. It is characterized
by: Accelerated Voltage (AV) and Accelerated Clock (AC) and )
by no constraints upon the full utilization of any of the

microprocessor function.

Other operation states are represented by other boxes.
These boxes are arranged in a ladder. The bidirectional
arrows indicate that the microprocessor may switch betweeh
adjacent operational states on the ladder; or, under special
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operating and the sensed tenperature of the processor is below an optinum
tenperature for operation at the accel erated voltage and cl ock state; b)
nmeans for enabling a utilization control when the tenperature sensed
tenperature of the processor is between the opti numtenperature and a not
to exceed tenperature for the accelerated voltage and clock state, said
utilization control constraining operation of at |east one of said
plurality of functional blocks; and c) %reans for switching fromthe
accel erated voltage and clock state to the normal activity state when the
tenperature sensed-is greater than the not to exceed tenperature for
operating at an accel erated voltage and clock state. According to an
enbodi ment of the present invention, by nonitoring the tenperature of the

i cropr oce%d%rﬂqﬁwué?ﬁqvpe%moth?lt?%hﬂigthﬁ Heettemiebl e ipdder. A
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perfornance
conditions within each box.

Normal Voltage (NV)

Normal Voltage means the conventional design voltage to
which a prior art microprocessor would have been designed.

Reduced Clock (RC)

Reduced Cock means a much lower clock frequency than
the Normal Clock or the Accelerated Clock.

Normal Clock (NC)

Normal Clock means the conventional clock frequency to
which a prior art microprocessor would have been designed.

Accelerated Voltage (AV)

Accelerated Voltage means a higher operating voltage
allowed appropriate when the temperature conditions are met.

Accelerated Clock (AC)
Accelerated Clock means the higher clock frequencies

permissible when the Accelerated Voltage is applied and the

temperature conditions are met.



.These variabl es can include: supply voltage, clocking and function. The
processor alone can determ ne the best conbination of these variables to
tune its performance to a maxi num dependant upon the functions being
executed in real tinme and wthin the constraints of the real tine
environment. The processor can, for instance, be operated beyond the nornmal
vol tage design limt, if the tenperature is known to be within sone bounds.
To stay in the maxi mum performance range I8 the systemfor as much time as
possi bl e, a nunber of operating states are defined. Wiile in each state the
processor and its system nonitor the environnmental and executional state
of the system and processor in real tine. Mywvenent between states is based

on the parggelexzatsbasedntdlolMmd)ori ng. A processor performance contro
nodule will control the states and resulting actions and will have -

conti nuous i nput :
. Utilization control means the microprocessor has placed

some constraints on the otherwise full utilization of all
the microprocessor's internal function. This is a subtle
~ “slow down mode" which does not require a change in clock

frequency.

Boxes shown in dotted outline represent trangitory
states. They exist only because the'microprodessof cannot
instantaneously switch to the Accelerated Clock without
first switching to Accelerated Voltage. Conversely before
switching back to Normal Vblﬁage, the microprocessor must
first switch back to Normal Clock.

We will now consider each of these boxes starting from
the top.

State #1 NV/RC

The microprocessor switches to this very low power
state whenever it detects a string of No-Op instructions.
This state reduces power and depresses temperature. The
resultant lower quiescent temperature wiil be of advantage
when the microprocessor encounters a flurry of activity at

some later time.

State #2 NV/NC
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fromthe on-chip tenperature sensing device. Upon every "n" clock boundary
the processor will evaluate the current operating conditions to determ ne
what action is to be taken and what state it should be in. 6 BRI EF
DESCRI PTI ON OF THE DRAW NGS The present invention is illustrated by way of
exanple and not limtation in the figures of the acconpanying drawing in
which like references indicate simlar elenents. FIG 1 is a nonograph with
axes of tenperature and voltage which depicts regions in which a

m croprocessor nmay be operated. FIG 2 is a flowhart which illustrates the
flow of the switching control of this invention as well as its states.

The microprocessor resides in this state whenever it
detects only bus activity and when the real time temperature
is below Topt OR when transitioning between states #1 and
#4. Topt is a temperature well below the worst case
temperature at which it has been determined that higher
voltage and higher frequency operation are possible and not
deleterious to the technology. This point is typically
chosen at the high temperature end of the more optimum
performance region 500 shown in FIG. 1 within some
acceptable tolerance of the technolégy stress ‘limit. Topt is
shown as 501 in Fig. 1. '

State #3 AV/NC

As described earlier, this is a transitory state.

State #4 AV/AC

This is the “more optimum performance region' which was
described earliér. This state/region is used for periods of
high and productive activity. The microprocessor may remain
in state #4 only so loﬁg as the temperature is under Topt.
Refer to the description of “State #2" for a definition of

Topt.
State #5 AV/AC/UC

State #S is somewhat similar to state #4. State #5 is
triggered when the microprocessor sensors detect that the
semiconductor substrate temperature has exceeded Topt. The
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FIG 3 is a block diagramof the performance control and automatic control
of this invention and related inputs and outputs. FIG 4 is a diagramusing
sinple logic blocks of the automatic control logic of this invention.

DETAI LED DESCRI PTI ON OF THE | NVENTI ON The functions operating at any nonent
by a processor are inportant paranmeters to be considered in performance
maxi m zation. The action taken may be determ ned in part by the program

under ‘execution. To exploit this end, thelBrocessor will keep an ongoing
status of the instruction type(s) in execution. These instruction types can
be broadly characterized as: Bus transactions

microprocessor remains at Accelerated Voltage and at
Accelerated Clock, BUT the power dissipation is limited by
exercising sagacious control over the percent utilization of
its various internal wmicroprocessor functions. This concept

is described in more detail below.
State $#6 AV/NC/UC

This is another transitory state. The transition
through state #6 to-staﬁe #7 is triégered when the
microprocessor sensors detect that the semiconductor
substrate temperature has exceeded Tswitch. Tswitch is a
temperature only slightly higher than Topt. Exceeding

" temperature Tswitch signifies that application of the
utilization control has not been sufficient to arrest a
further temperature rise. More drastic controls must now be
applied. Tswitch is indicated by 502 in FIG. 1 and is '
typically closer to the technology stress limits established
for the more optimum performance region 500. It is at a
point where the measures taken to arrest a further
temperature rise will safely keep the processor from
exceeding the technology stress limits.

State #7

In state #7 the microprocessor reverts to Normal Clock
and Normal Voltage while continuing to apply control over
the percent utilization of the various internal
microprocessor functions. State #7 is intended to be within

‘the worst case design limit. See area 400 in FIG.1l. Since



Branch functions Register transfers Arithnmetic operations Each of these
‘functions have associ ated dedi cated hardware. | n superscal ar
m croprocessors, this hardware is often in the formof separate units; and
there may be nmultiple copies of such units. For exanple: there may be two
arithnmetic units. In sone cases, the units may be further broken down into
nore el enmentary units such as rotate', 'add', 'or', etc. In super scalar
m croprocessors, nore than one type of ohﬁ}atlon can be in execution at any
one tine. To achieve optinum performance, it woul d be best to nonitor al
such activity and selectively activate operations not only to achi eve the
desired throughput but also to assure that the processor is operating close
to its per f@rimRAee dhdnitdyiidd G pdrEhaiende NESRPSRP bhaVinitigeso8éssor '
tenperature Y remain in thi .
is state forever. However, according to
this invention in most cases the microprocessor will return

to either state #5 or state #4 soon after entering state #7.

It should be noted that the microprocgssor may go
directly to state #1 from #7, if a string of No-Ops is
detected. However, it may not proceed from there into state
#2 until the temperature has first dropped below Topt.

As mentioned above switching between States #4 énd_#si
invokes certaln utilization controls. Under normal
conditions and normal programmlng it .is anticipated that the
microprocessor will usually be in state #4. Small peaks of
activity may momentarily, however, bring it to state #5.
State #5 is more subtle and effective than simply and
crudely lowering the clock frequency. State #5 seeks to
load level the peaks of activity by limiting how frequently
some of the microprocessor functions may be used. Clearly
high power functions, especially those unlikely to effect
smooth pexrformance will be curtailed first. FIGS. 3 and 4
illustrate the paths of interaction to accomplish this load

leveling.

FIG. 3 is a block diagram of the performance control
circuit which is used to manage the functioning of the
processor and its system. Performance control block 32
provides operational information to automatic control 36 and
receives utilization control information from automatic

control 36 to manage the percentage utilization of various



_vol tage, depicting fégions In which a mcroprocessor m ght be operated. The
boundary to the left is determ ned by the | owest voltage at which the

circuits will operate satisfactorily. The boundary to the right is
determ ned by the safe stress level of the technology. Notice this
ri ght most boundary is a function of both tenperature and voltage. 8 The

dot to the upper right portrays a typicah4specification sheet's "worst case
operating point". A rectangle determ ned by this point and a | ow vol t age
operating limt at simlar tenperature defines the specified operating
conditions. Notice that the technol ogy can safely support higher operating
vol tages, and by inplication, :

units of the microprocessor. For example, it can be
connected to the arithmetic unit, floating point unit and
other more elementary units generally shown as blocks 34 on
FIG. 3.

Additionally control 32 detects bus activity through
bus monitor 38 over the proceséor's buses and sends this
information on to the automatic control block 36.
Performance control also inputé and receives information
from clocking control circuit 30. These inputs are also
used to develop the utilization ratib and to provide system
clock and initialization information to the automatic
control block 36. Generally, control of the processor units
34 is highly dependent:on the processor's architecture and
performance.of the particular processor under consideration.
For exawmple, architectiiral considerations may dictate
different utilization pércentages for control of different
units 34, since one unit may be more important in terms of
performance or dependéncy than another. Based on a matrix
of the importance and utilization the clocking on a unit or
units may be modified by the performance unit.

The network forming the automatic control block 36 is
shown in greater detail in FIG. 4. This automatic control
block controls both the supply voltage and the clock
frequency. Because the voltage regulator function exhibits
high power dissipation, this function is typically
physically separate from the microprocessor chip. In FIG. 4
the voltage regulation function is shown to the right of the
hashed lines and is represented by 50 which is normal
voltage (NV) and 52 which is the accelerated voltage (AV).
As shown in FIG. 4 in the preferred embodiment, all other
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higher performance; |IF the worst case tenperature i s not approached.

| ndeed, under nornal operating conditions, the worst case tenperature is
rarely approached. The shaded rectangle portrays a nore optinum perfornmance
region which the real time tenperature will frequently allow. The purpose
of this invention is to keep the m croprocessor operating within this nore
opti mum performance region as shown by the. shaded rectangle as frequently
as possible. In support of this goal, a nthrber of other operating states
are defined which decrease power dissipation and therefore operating
tenperature. Referring nowto FIG 2; a "Swtching Control Flow D agrant
for this invention is shown. The nore optinmum performance region i s the box
mar ked 4. portionbapdctde Zeddmsut ik GantiraleBlyckt ageifiaVpnatheAccel er at ed

Cl ock (AQ f@go$¥08§s%85}5tc:'i1i' nts upon the full utilization of any of the
m croprocessor tunc

The UP-DOWN counter directly controls the off chip
voltage regulator (50 and 52) which switches directly
between two voltages: NV and AV. The Automatic Control
Block is programmed to allow enough time for the voltage
regulator to complete its transition up between voltages
before the corresponding clock frequency tramsition.

The Automatic Control Block also controls the clock
frequency; stepping it between: RC, NC and AC. Once again
the Automatic Control Block is programmed to allow enough
time for the clock genei:ét_or to complete these transitions
down before the corresponding supply voltage transitions.

The actual control can be envisioned as an UP-DOWN
counter with a reset input for initialization (line 51).
The counter can be advanced UP or DOWN the “ladder” as the
conditions warrant. The conditions necessary to advance the
UP-DOWN counter are decoded with simple logic blocks.
Advances in the UP-DOWN counter are made only on clock cycle
boundaries, and may span a number of No-Op cycles. System

clock line 53 provide this synchronization.

In actual practice inputs to these simple logic blocks
include information from the Performance Control Block such

as:

*Is a string of No-Op instructions detected? (56 on

FIG. 4)
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_Other operation states are represented by other boxes. These boxes are
arranged in a ladder. The bidirectional arrows indicate that the

m croprocessor nay swi tch between adjacent operational states on the

| adder; or, under speci al 9 conditions, between the top and the bottom
of the ladder. A key in the upper left hand corner defines the operating
conditions wthin each box. Normal Volta (NV) Normal Voltage neans the
conventional design voltage to which a p?gor art m croprocessor would have
been designed. Reduced O ock (RC) Reduced Cock neans a nuch | ower clock
frequency than the Normal Cl ock or the Accel erated C ock.

*Are the instructions “bus only"? (54 on FIG. 4)

The Automatic Control Block also receives inputs from
the microprocessor on-chip thermal sensors shown
collectively as 58. Temperature sensitive diodes can be
used for this purpose. Blocks 60, 62 and 64, each having an
inverter (66) are respectively enabled as soon as T>Topt
(60), T>Tswitch (62) and T>Tmax (64). Tmax is the maximum

temperature specified for operating the processor.

Noting that the No-op signal from performance )
controller 32 ‘also has an inverter, one can see that gate 68
defines state 1, gate 70 defines state 2, state 4 and
transition state 3 are defined by gate 72, gate 74 defines
state 5,'and gate 76 defines state 7 and transition state 6.
If state 1 is true(i.e.-either there is a No-op condition or
T>Tmax) the reduced.clock generator 80 is enabled and the
processor clock output 88 is at the reduced clock rate.

When there is bus activity and T<Topt, state 2 .is enabled.
When in state 2 the control through gate 90 enables normal
clock (NC) 82 and maintains normal voltage through gate 94
based on a signal returned from NC 82. State 3 is a
transitory state that occurs anytime the processor's units
start performing operations (move out of ‘state 2) and
T<Topt. In this state gate 91 enables the accelerated
voltage regulator (AV) 52. After AV is enabled, a signal is
sent through gate 95 to enable the accelerated clock (AC) 84
and the processor is now in state 4. State 5 is enabled
through gate 74 when Topt<T<Tswitch. This moves the
processor and the system into utilization control (UC) 86.

In this state the performance control 32 attempts to
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Normal C ock (NC) Normal C ock nmeans the conventional clock frequency to
which a prior art mcroprocessor woul d have been designed. Accel erated

Vol tage (AV) Accel erated Vol tage nmeans a hi gher operating voltage all owed
appropriate when the tenperature conditions are net. Accelerated C ock (AQC
Accel erated C ock nmeans the higher clock frequencies perm ssible when the
Accel erated Voltage is applied and the tgﬁperature conditions are net.

10 Utilization Control (UC) Wilization ntrol means the m croprocessor
has pl aced sone constraints on the otherwise full utilization of al

stabilize the power dissipation by curtailing the

activitides of units 34.

States 6 is a transitional phase where T>Tswitch. In
this state gate 76 through gate 90 first turns on normal
clock 82 and then through gates 93 and 94 asserts normal
voltage (50). The system is then in state 7 and remains
there until the.temperature exceeds Tmax or is less than
Tswitch. If the temperature exceeds Tmax the system moves
to state 1. But if the temperature is reduced to less than
Tswitch the system moves back to state 5. - '

In the foregoing specification, the invention has been
described with reference to specific exemplary embodiments
thereof. It will, howe&er, be evident that various
modifications and'changes may be made thereto without
departing from the broader spirit and scope of the invention
as set forth in the appended claims. The specification and
drawings are, accordingly, to be regarded in an illustrative

rather than a restrictive sense.



_the mcroprocessor’'s internal function. This is a subtle "slow down node”
whi ch does not require a change in clock frequency. Boxes shown in dotted
outline represent transitory states. They exist only because the

m croprocessor cannot instantaneously switch to the Accel erated C ock

wi thout first switching to Accel erated Vol tage. Conversely before sw tching
back to Normal Voltage, the m croprocessor nust first swtch back to Nornal
Clock. W will now consider each of thesesgboxes starting fromthe top.
State #1 NV/ RC The mi croprocessor switches to this very |ow power state
whenever it detects_a string of No-Op instructions. This state reduces
power and depresses tenperature. The resultant |ower quiescent tenperature

wi |l be of advantage when the m crogfgegssor encounters a flurry of
activity at This Sheet Illii l|3een||‘eilaced

What is claimed is:

1. A processor having more than one clocking frequency
which uses a regulated power supply comprising:
a) a temperature sensing circuit providing a
temperature signal which correéponds to_the current
temperaturé of the processor; '
b) a performance control which monitors functional
operations of the processor; and
c¢) a logic network which receives information from the
performance cohtrol and the temperature sensing unit
and uses the information to select proper clocking

frequencies and operating voltages.

2. The invention of claim 1 further comprising:

d) a utilization control module which is part of the
performance control and coupled to the logic network which
constrains the operation of one or more of the processor's
functional units based on the information supplied to the

logic network.

3. .- The invention of claim 1 where the logic network uses
'the information from the temperature sensing unit and the
performance control to provide states which control the

operation of the processor.

4. The invention of claim 3 further comprising:

THIS SHEET HAS BEEN
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.sone later tine. State #2 NV/NC The m croproc‘é-ssor resides in this state
whenever it detects only bus activity and when the real tinme tenperature is
bel ow Topt oni ng between states #1 and #4. Topt is a

tenperature well bel Jh8L0Ar st case tenperature at which it has been
determ’'ned twﬁﬁﬁ %ﬁm ge and hi gher frequency operation are possible
t

and not del et echnol ogy. This point is typically chosen at
the hi gh tenpél t he nore optimum perfornmance regi on 500 shown
in FIG 1 within some acceptable tolerance of the technology stress limt.
Topt .is shown as 501 in Fig. 1. State #3 AV/INC
d) a utilization control moduie which is part of the
performance control and coupled to the logic network
which constrains the operation of one or moxre of the
processor's functional units based on the information

supplied to the logic network.

5. The invention of claim 3 where the utilization control
module is enabled by one of the states when the temperature

sensed exceeds an optimal temperature.

6. The invention of claim 3 where one of the states.
provides for a normal voltage and clock when the temperature
sensed is outside the range of temperature chosen for

accelerated voltage and clock.

7. The invention of claim 3 where one of the states
provides for an accelerated voltage and clock which are
enabled when the temperature sensed is below the optimal

temperature.

8. The invention of claim 5 where one of the states
provides for an accelerated voltage and clock which are

enabled when the temperature sensed is below the optimal

temperature.

9. . The invention of claim S where one of the states
provides for a normal voltage and clock when the temperature
sensed is outside the range of temperature chosen for

accelerated voltage and clock.
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JAs described earlier, this is a transitory state. State #4 AV/IAC This is
the 'nore optinum performance region'  which was described earlier. This

state/region is used for periods of high and productive activity—TFhe—

under Topt.

m croprocessor may remain in state #4 only so long as the tenperature is
Refer to the description of "State #2" f &hisshe Replacgd

Topt . $Me#5NWNJw:$Me#5issmm%t simlar ﬂ ate #5

is triggered when the m croprocessor sensors detect t duct or

substrate tenperature has exceeded Topt. The 12 m croprocessor renains
at Accel erated Vol tage and at ' -

10. The invention of claim 8 where one of the states
provides for a normal voltage and clock when the temperature
sensed is outside the range of temperature chosen for

accelerated voltage and clock.

11. The invention of claim 10 where one of the states
provides for normal voltage and clock when the performance
control detects only bus activity and the temperature sensed

is below the optimum temperature.

12. The invention of claim 10 where one of the states
provides for a reduced clock rate when either the
performance control detects a series of no-op instructions
or the temperature is above the maximum temperature | '

specified for the processor.

13. The invention of claim 11 where one of the states
provides for a reduced clock rate when either the
performance control detects a series of no-op instructions
or the temperature is above the maximum temperature

specified for the processor.

THIS SHEET Hag
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Accel erated O ock, BUT the power dissipation is [imted by exercising
sagaci ous control over the percent utilization of its various internal

m croprocessor functions. This concept is described i mnore détdir’beiow
State #6 AV/INC/UC This is another transitory state. The

state #6 to state #7 is triggered when the mcroprocesscr)ljgl{sgﬁ@!]'IhJsgge

that the sem conductor substrate terrperature has exceededumm l tch
is a tenperature only slightly higher t haR?! Topt. Exceedin
Tswitch-signifies that application of the utilization control has not been
sufficient to arrest a further tenperature rise. Mre drastic controls nust
now be applied. Tswitch is indicated by 502 in FIG 1 and is typically

closer to thae te:cmsﬂmgy fsdsf espt 1k i fgechahhé steehdrate tdE dpLoeEEE¥M

per f or mance J€ i.on SOQ: i s at of. poi nt where the neasures taken to arrest
a further ising the step

a) Switching from a normal activity state to an
accelerated activity state when the processor's functional
units are operating and the sensed temperature of the
processor is below an optimum temperature for operation at.
the accelerated activity state;

b) Enabling a utilization control which manages
functional units of the processor when the sensed
temperature of the processor is between the optimum
temperature and a not to exceed temperature for the
accelerated activity state; and

c) Switching from the accelerated activity state. to

a normal activity state when the sensed temperature of
the processor is greater than the not to exceed temperature
for operating at the accelerated activity state.

15. The method for optimizing the performance of processor
in claim 14 where the normai activity state comprises normal
clock and voltage and the accelerated activity state
comprises accelerated clock and voltage and full function

execution by the processor's functional units.

REPLACED
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,tenperature rise will safely keep the processor from exceeding the
"t echnol ogy stress limts. State #7 In state #7 the m croprocessor reverts
to Normal C oc rna Vbltage while continuing to apply control over

the percent util] ee,lt,ﬁ_lavkanrlous i nternal m croprocessor functions.
State #7 is inte n the worst case design limt. See area 400
in FIG 1. Since yprcal per f ormance region, the

m cr opr ocessor co h|s st at% f or ever . However, according to
this invention in nDst cases the mi croprocessor will return to.either state
#5 or state #4 soon after entering state #7. It should be noted that the

m croprocessor may go directly to state #1 from#7, if a string of No-Ops
I'S 16. The method of claim 15 also comprising the steps of:

d) Entering a reduced clock state when the processor
detects a series of no-op instructions; and

e) Moving from a reduced clock state or from an
accelerated.voltage and clock state state to a normal
activity state when the sensed-temperature of the
processor is below the optimum temperature and there is

bus activity only.

17. The method of claim 16 also.coﬁprising the step of
f) Switching to the reduced clock state anytime the
sensed temperature of the processor is greater than a

specified temperature for the processor.

* c L M -] *
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,detected. However, it may not proceed fromthere into state #2 until the
tenperature has first dropped bel ow Topt. As nentioned above sw tching
between States #4 and #5 invokes certain utilization contrets—Under—normal
conditions and normal programming it is anticipated that the njcroprocessor
will usually be in state #4. Snall peaks of activity may no fiHas Been Replaced
however, bring it to state #5. State #5 ix3 nore subtle and ef
sinply and crudely |owering the clock frequency. State #5 se
Il evel the peaks of activity by linmting how frequently sone of the
m croprocessor functions may be used. Cearly high power functions,
especial Iy those unlikely to effect smoth perfornance will be curtail ed
first. FIGS83 am dpphirasusatfort kptjmiringf thatperervanes &&conplish this
| 0ad 1 evel | g bl Snh o bOGk AREAM BbK! BRqPE6] £45BNEBnERARlg CT T Cu t

whi ch is use 0 nanage t unctioni ng of the
a) means for switching to an accelerated voltage and

clock state from a normal voltage and clock state when

the processor's functional units are operating and the
sensed temperature of the proceesor is below an optimum
temperature for operation at the accelerated voltage .
and clock state; .

b) means for enabling a utilization control when the
temperature sensed temperature of the processor is
between the optimum temperature and a not to exceed
temperature for the accelerated voltage and clock
state; : ' | .

c) means for switching from the accelerated voltage and
clock state to the normal activity state when the
temperature sensed is greater than the not to exceed
temperature for oberating at an accelerated voltage and

clock state.

19. The apparatus of claim 18 also comprising;
d) means for entering a reduced clock state when the
processor detects a series of no-op instructions; and
e) means fof moving from a reduced clock state or from
an accelerated voltage and clock state state to a
normal activity state when the sensed temperature of
the processor is below the optimum temperature and

there is bus activity only.
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_processor and its system Performance control block 32 provides operational

“information to automatic control 36 and receives utilization control
informati on fromautomatic control 36 to nanage the percentage utilization
of various 14 i $neet Bths BddEReplacedopr ocessor . For exanple, it can be

connected to the a i floating point unit and other nore
el ementary units g as blocks 34 on FIG 3. Additionally
control 32 detects i hr ough $ts nonitor 38 over the processor's

buses and sends this information onito the automatic controt block 36.
Performance control also inputs and receives information from cl ocking
control circuit 30. These inputs are al so

20. The apparatus of claim 19 also comprising:
f) means for switching to the reduced clock state

anytime the sensed temperature of the processor is
greatex than a specified temperature for the processor.

THIS SHEET HAS BEER-
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;used to devel op the utilization ratlo and to provi de system clock ﬂnﬂ
“initialization information to the autontatclc control bl ock 36. Generally

control of the processor units 34: s hi ghly dependent

architecture and performance of the particul ar processor

consi deration. For exanple, architectural considerations

different utilization percentages for cozerol of different units 34, since
one unit may be nore inportant in ternms of perfornance or dependency than
anot her . R&GHLAQ{ITB G«TEMRERATHRE/PERE BRMNGE/V PLAAGH SCHEMERQRNg
on a unit or units may be nodified %@the erformance unit. The network
formng the automatic control bl ock in greater detail in FIG

4. This a%@&;ontrol bl ock control s both the supply voltage and the :
clock fre ecause the voltage regul ator function exhibits high power

di ssipation, thy r(f)éégﬁcbtr v@fl‘dﬁ 32&%%? %Jf&n%%@ oforhisiRy )tI%Sl];lé %rﬂlerarc

m cr oprocessor c
of variables comprising voltage, clocking and the operations being performed by the

processor or its system. The invention accomplishes performance optimization by
defining various states with the goal that the prbcessor stays in an optimal performance
state of accelerated voltage and clock when the procéssor executional units (34) are
operaﬁng. The states are selected by a logic network based on information that is
provided by temperature sensors (58) and a performance control. The logic network can
be envisioned as an UP-DOWN counter. The counter can be advanced UP or DOWN

_ the state "ladder" as the conditions warrant. .
Fig. 3 |

THIS SHEET HAS BEEN
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t He vol tage regul ation function is shomn to the right of the hashed lines
and is represented by 50 which is nornel.. vol tage (NV) and 52 which is the
accel erated voltage (AV). As shown in FIG 4 in the preferred enbodi nent,
al | other portions of the Automatic Control Block reside on the

m croprocessor chip. The UP-DOM counter directly controls the off chip
vol tage regul ator (50 and 52) which switches directly between two voltages:
NV and AV. The Automatic Control Bl ock |%/®rogranned to all ow enough tine
for the voltage regulator to conplete its transition up between voltages
before the corresponding clock frequency transition. The Automatic Control
Bl ock al so controls the clock frequency; stepping it between: RC, NC and
AC. Once again

TECHNOLOGY STRESS LIMIT
(100)
VOLTAGE LIMITS OF CIRCUITS WORST CASE OPERATING POINT
(300) < (200)
CONVENTIONAL
SPECIFICATION REGION
Tswitch / (400)
| /(502)_ | SBARARRRN
TEMPERATURE| ———~ "/ "7 ITTT -
/// - N N
N\ N
Topt N N
N N
(501) \ \
' N N
N\ N
N N, -MORE OPTIMUM
N /2 PERFORMANCE
N \|  REGION
\ J (500)
N e

VOLTAGE

FIG. 1



the Automatic Control Block is programed to all ow enough tine for the

€l ock generator to conplete these transitions down before the correspondi ng
supply voltage transitions. The actual control can be envisioned as an

UP- DOMN counter with a reset input for initialization (line 51). The
counter can be advanced UP or DOMWN the "l adder" as the conditions warrant.
The conditions necessary to advance the UP-DOM counter are decoded with
sinmple | ogic blocks. Advances in the UP-BD#N counter are made only on cl ock
cycl e boundaries, and may span a nunmber of No-Op cycles. Systemclock line
53 provide this synchronization. In actual practice inputs to these sinple
| ogi ¢ bl ocks include information fromthe Perfornmance Control Bl ock such
as: *Is a string of No-Qp instructions detected? (56 on FIG 4)

Key L W/Re nop

NV-NORMAL VOLTAGE

RC-REDUCED CLOCK
NC-NORMAL CLOCK go | N/NC__ | bus & T<Topt
AV~ACCELERATED VOLTAGE -

AC—ACCELERATED CLOCKS Y S |
UC—UTILIZATION CONTROL [ ANC 1 bus & Top & T<Top

P2
|

| A/AC | T<Topt

#4

h

AV/AC/UC | T>Topt & <Tswitch

#5

| AV/NC/UC 1 T>Tswitch

poL_— L
|

7 '
LI NC/W/UE) | T Tswitch<Tmon

Switching control flow diagram

FIG. 2
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16 *Are the instructions "bus only"? (54 on FIG 4) The Automatic Contr ol

Bl ock al so receives inputs fromthe m croprocessor on-chip thermal sensors
shown col | ectively as 58. Tenperature sensitive diodes can be used for
this purpose. Blocks 60, 62 and 64, each having an inverter (66) are
respectively enabl ed as soon as T>Topt (60), T>Tswitch (62) and T>Tmax

- (64). Trmax is the maxi num tenperature spggified for operating the

" processor. Noting that the No-op signal from perfornmance controller 32 also
has an inverter, one can see that gate 68 defines state 1, gate 70 defi nes
state 2, state 4 and transition state 3 are defined by gate 72, gate 74

defines statg 5, and gate /6 defines state 7 and transition stjate 6. If
~state 1 is tfue(i.e. either thergis p hb-gp condition or
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T=>Tmax) the reduced clock generator 80 is enabled and the processor clock
output 88 is at the reduced clock rate. Wien there is bus activity and
T<Topt, state 2 is enabled. Wen in state 2 the control through gate 90
enabl es normal clock (NC) 82 and mai ntains normal voltage through gate 94
based on a signal returned fromNC 82. State 3 is a transitory state that
occurs anytine the processor's units start .perform ng operations (nove out
of -state 2) ané T<Topt Q| n this state gaté491 enabl es the accel erat ed

vol t age reguL_tﬁ{x(Awylgi Aftter AV is enabled, a signal is sent through
gaté 95 to eggblethe—agceherated cl ock (AC) 84 and the processor is nowin
state 4. Statg g £s{enablxd through gate 74 when Topt <T<Tswi tch. This noves
the processopsfand the systdmiinto utilization control (UC) 86. In this

state the performaijce cqntrol |32 attenpts to
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REPLACEMENT SHEET |
he activitides jof unclﬁt»g”éﬁ

dH'[zntgth doi atle foat dy08 < u-pyi’,

rough {gat es 93

gtabiTize the power dissipation by curtailing
States 6 s a transitional phase where T>Tsw tkch
through gate 90 first turns on normal clock 82
and 94 asserts normal voltage (50). The systen ils
remains there until the tenperature exceeds Tnpx or is less tharf -
I'f the tenpeeAbrhéd fARGAHSN WiRing MRl IHELURIRIES Prddic L thaBFequiifes laBfon
tenmperature’ is reduced to |l ess than Tswitch the system noves back to state
5. In the f&fegingejthepaeltagecatemperaie i nventi on has been described with
reference to specifi X | af¥e.e ' t o] I ]

evi dent that vgri (éjs&er%ﬁ)dl | cg%l¥t8ngg)gﬂgﬁ§ﬁa%g%§$%gy&bde s#‘sitgié-ﬂ tfﬂ%p'g;t{%\é\%{g[ ﬁgeﬁt
departing f perfotrhancer obdemiapprocessandhatcuges wdridubeactivitgnitates amg sarfablesr td

in the appended cl alers. The spegification and
maximize the performance of a microprocessor system.

le {7 and
Tswi t ch.

A further need exists to provide a strategy and mechanism which
opportunistically take advantage of the differences between optimum design conditions
and typical operating conditions of voltage and temperature that are u.s’_ually not at the -
worst case conditions for a microprocessor. " N

Another need exists to keep a microprocessor or microproce;sors operating

within its optimum performance region as frequently as possible.

SUMMARY

According to an aspect of the present invention, there is provided a processor
having first and second clocking frequencies differing from one another and greater than
zero, and first and second operating voltages differing from one another and greater than
zero, comprising:

a) a temperature sensing circuit providing a temperature signal which
corresponds to the current temperature of the processor;

b) a performance control which monitors functional operations of the
processor; and

c) a logic network which receives information from the performance
control and the temperature sensing circuit to select appropriate combinations of said first
and second clocking frequencies and said first and second operating voltages, and to
control operation of the processor. '

According to another aspect of the present invention, there is provided a method
for optimizing the performance of a processor having a plurality of functional units,
comprising the steps of: .

a) Switching from a normal activity state to an accelerated activity state
when at least one of said plurality of functional units are operating and the sensed
temperature of the processor is below an optimum temperature for operation at the
accelerated activity state;

b) Enabling a utilization cdntrol which constrains operation of at least one

of said plurality of functional units of the processor when the sensed temperature of the
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drawi ngs are, accordingly, to be regarded in an|ijptostrattve TatHer than-a
restrictive sense. -18- CLAIMS 1. A proc=s=oré13g!h39@i rist] and
second cl ocking frequencies differing frogt one anatﬂ eat ey than
zero, and first and second operating vol r&8és d|fiering from-enk pnot her
and greater than zero, conprising: a) a tem erature sensi ng cjrcuit
provi ding a grE0Besak WefwednOie optitHut dHerRORAST HET to"ETeld Wifillorhtai Y 3he!" ©
of the processor; b a performance contro I'ch nonitors Tunctiona
oper at i ons ciccelbratedrastiviy state; amdi c) a |l ogi c network which receives

nformeton 1 om e PerS BHIBAEBrfH Sk LR TRIAE EinaLBHARy s
cl ocki ng fr egmn the Semded ﬁempi:rzfthfesbf ahel [rocasst &P girdtdrn thaviotHea @66 to adidebd
temperature for operating at the accelerated activity state.

According to a further aspect of the present invention, there is provided an
apparatus for optimizing the performance of a processor having a plurality of functional
units, a variable clock, and a variable voltage, comprising:

a) means for switching to an accelerated voltage and clock state from a
normal voltage and clock state when at least one of said plurality of functional units are
operating and the sensed temperature of the processor is below an optimum temperature
for operation at the accelerated voltage and clock state;

b) means for enabling a utilization control when the temperature sensed
temperature of the processor is between the optimum temperature and a not to exceed
temperature for the accelerated voltage and clock state, said utilization control
constraining operation of at least one of said plurality of functional blocks; and

c) means for switching from the accelerated voltage and clock state to the
normal activity state when the temperature sensed is greater than the not to exceed
temperature for operating at an accelerated voltage and clock state.

According to an embodiment of the present invention, by monitoring the
temperature of the microprocessor continuously and introducing other variables, the
microprocessor can be kept operating at its instantaneous maximum allowable

performance.



contr-ol operation of the processor. 2. The in eﬂE#ISKCEWEN?lmml further
conprising: d) a utilization control nodul e wji ¢(htls—p - h

performance control and coupled to the |logic netwdrikR which constrai
operation of one or nore of the processor's functilonal 1@nilgk M8k e

i nformati on supplied to the |ogic network. 3. ThHe i nvention | ai m 2
where the utilization control nodule is en%bl ed byl one of the stateg when
the tenperature sensed exceeds an optinmal tenperatlure. 4 The—Avent i on

of claim 3 where one of the states provides for an accel erated vol tage and
cl ock which are enabl ed when the tenperature sensed is bel ow the opti nal
tenperature. 5. The invention of claim4 where one of the states
provides for a n I : | e rature sensed is
out si de the ranggﬁo vtafeigrrl%)l%?%%u@gﬂgﬁ'osggﬁlyw&?tggérél'gq&e(ﬂg%g vol t age and cl ock.
6. The fyeinte®n ofhe| BrrcssaRer aleone BN Wetermiae gy ikRst for nor mal
vol tage antcshotiatien bhetResEORIRRGS 1N PRI 8%sS ftfoRnAEt LY LY

and the ter;rper,at ure_sensed i s bel ow the optinmum tenperat ure. .
aximum dependant upon the functions being executed in real

time and within the constraints of the real time
environment. The processor can, for instance, be operated
beyond the normal voltage design limit, if the temperature

is known to be within some bounds.

To stay in the maximum _
performance range of the system for as much time as

possible, a number of operating states are defined. While
in each state the processor and its system, monitor the
environmental and executional state of the system and
processor in real time. Movement between states is based on

the parameters chosen for monitoring.

A processor performance control module will control the
states and resulting actions and will have continuous input
from the on-chip temperature sensing device. Upon every “n”
clock boundary the processoxr will evaluate the current
operating conditions to determine what action is to be taken

and what state it should be in.
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a reduced clock rate when either the performnce cohtyot—deTects a [s€ries

of no-op instructions or the tenperature is above the ngﬁnmmper ure
e i ere

specified for the processor. 8. The T ntion of ¢ png  of
the states provides for a reduced clock rate when e tﬂe.r__t-h-e—-pe-lh-f-ﬁ-*ra ce .
control detgetgmasseries of no-op instructions or the tenperature is pbove
t he maxi num tenperature specified for the processor t—9- e Trnventi on
of claim 3 where one of the states provides for a nornmal voltage and cl ock
when the tenperat en s 0 [ . Of ratiee. ch n_for
accel erated nl’\[;ol tagg%éﬁccfs(?ﬂ%géalﬁn%g.ﬁ agﬁ‘r%?@&%?%%ﬁngnﬁo c%gg%@&vv%erﬁé&oﬂ{ée of
the states phothetiasd freated thudraep, and|firstgmdasedom] apekativpevoltapes differirg Siiont 6ne
sensed is outside tﬂe rangﬁ{‘of terger.at ure chosen for accelerated voltage
and clock. fpother RISy BT 2619, BPORTSIEn 2 where one of the states provides

for an accel erategyvol t?@@ﬁrﬁﬁ@atﬁf@@&sﬂy et Prondink esl whpdtafub® siAP WAL e

sensed is below the optim
corresponds to the current temperature of the processor;

b) a performance ‘control which monitors functional operations of the
processor; and

c) a logic network which receives information from the performance
control and the temperature sensing circuit to select appropriate combinations of said first
and second clocking frequencies and said first and second operating voltages, and to

control operation of the processor.

2. The invention of claim 1 further comprising:
d) a utilization control module which is part of the performance control
and coupled to the logic network which constrains the operation of one or more of the

- processor's functional units based on the information supplied to the logic network.

3. The invention of claim 2 where the utilization control module is enabled by one

of the states when the temperature sensed exceeds an optimal temperature.

4. The invention of claim 3 where one of the states provides for an accelerated
voltage and clock which are enabled when the temperature sensed is below the optimal

temperature.

5. The invention of claim 4 where one of the states provides for a normal voltage
and clock when the temperature sensed is outside the range of temperature chosen for

accelerated voltage and clock.

6. The invention of claim 5 where one of the states provides for normal voltage and
clock when the performance control detects only bus activity and the temperature sensed

is below the optimum temperature.

I
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t‘enperature. 12. A nmethod for optimzing the pgrfformance of a precessor
having a plurality of functional units, conprising §he gt S 2001 ¢
Switching froma nornmal activity state to gy accelleated activity|s{ate
when at | east one of said plurality of functional jurd i hg and

the sensed tenperature of the processor is below gn opti numtenperagjure for

operation at7i he atTheli®rentiesl ofeldimi 6 ?vh‘éiea?ﬁb' obihe stated]ciﬁl%ﬁidgﬁ q‘?laa ltfacgnitcéa %]!dckn
control which constragins operation of at |east one of said plurality o
functional ufft¢ vhep qither the perdamnangs cantrolodatests agseries9é meren ensguctions or the

processor i stpffeyiae it iovaithé Mﬁﬁﬁ?&ﬁ@&&w‘e sga@ehﬁ@d @&%th& Bro%gé‘sSEd .
tenperature for the accelerated activity state; and c W t ching from
the accelerated activity state to a nornmal activity state vvheg i+ he sensed
tenperature f the [ reat er than e not to exc t enper at ur e
for operati ng' at t’fl;gé g@%ﬁﬁ@? 3¥ %Hﬂgﬁfi\@)‘e{eyorg:t %’t ﬁ".e stifés provides F6'a redtoed Hoek
rate when either the performance control detects a series of no-op instructions or the

temperature is above the maximum temperature specified for the processor.

9. The invention of claim 3 where one of the states provides for a normal voltage
and clock when the temperature sensed is outside the range of temperature chosen for

accelerated voltage and clock.

10. The invention of claim 2 where one of the states provides for a normal voltage
and clock when the temperature sensed is outside the range of temperature chosen for

accelerated voltage and clock.

11. The invention of claim 2 where one of the states provides for an accelerated
voltage and clock which are enabled when the temperature sensed is below the optimal

temperature.

12. A method for optimizing the performance of a processor having a plurality of
functional units, comprising the steps of:

a) Switching from a normal activity state to an accelerated activity state
when at least one of said plurality of functional units are operating and the sensed
temperature of the processor is below an optimum temperature for operation at the
accelerated activity state;

b) Enabling a utilization control which constrains operation of at least one
of said plurality of functional units of the processor when the sensed temperature of the
processor is between the optimum temperature and a not to exceed temperature for the
accelerated activity state; and

¢  Switching from the accelerated activity state to a normal activity state
when the sensed temperature of the processor is greater than the mot to exceed

temperature for operating at the accelerated activity state.
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<20 - "13. The nmet hod for optimnzing the perfornfn
t ok oo

claim 12 where the normal activity state conprises|np
and the accelerated activity state conprisgs accel gra
and full function execution by at |east sone of said

nd} vpl t age

functional units. 14. The nethod of claim13 al t eps
of : d) Eb3.eri n@‘hameﬂﬁddbdop&mmmabermﬁmwb ck bf o ORI 7] ke?e%het
series of no-_op.instructions Vin romare uce clock state
or from an aP¥EA ATVl SfRie f’%ﬁ‘?né‘ﬁd‘%‘%i ock °?t8 the-accelerated jagtyvity sate

when the Sen&ﬂgpﬁm%éléﬂdfeﬁ @bk AR WIREE %ﬁ&’ Furll ?mi?:ﬁbﬁ‘@x&&ﬁloﬂmaj t some 0
an

t enperature there is bus activity only. . he net clarm1

al so conpri sfaigplmdity o finstiongl units. Swi t chi ng to the reduced cl ock state
anytime the sensed tenperature of the processor is greater than a specified
tenperature for the processor. 16. An apparatus for optimzing the
performance ¥ a pTheestod dizlldimd 3alspl congirising thé stepsief: i onal uni ts, a

vari abl e cl ock, an%)av i abl e voltage, conprising: a meansf
switching to an ac®l er atEGHSP e‘gﬁ]&"]g th%(wé‘?“aﬁﬁpf‘%‘%?ﬁ%dete"ts a series of no-
op instructions; and -
e) Moving from a reduced clock state or from an accelerated voltage and
clock state to a normal activity state when the sensed temperature of the processor is

below the optimum temperature and there is bus activity only.

15. The method of claim 14 also comprising the step of
f) Switching to the reduced clock state anytime the sensed temperature of

the processor is greater than a specified temperature for the processor.

16. An apparatus for optimizing the performance of a processor having a plurality of
functional units, a variable clock, and a variable voltage, comprising:

a) means for switching to an accelerated voltage and clock state from a
normal voltage and clock state when at least one of said plurality of functional units are
operating and the sensed temperature of the processor is below an optimum temperature
for operation at the accelerated voltage and clock state;

b) means for enabling a utilization control when the temperature sensed
temperature of the processor is between the optimum temperature and a not to exceed
temperature for the accelerated voltage and clock state, said utilization control
constraining operation of at least one of said plurality of functional blocks; and

c) means for switching from the accelerated voltage and clock state to the
normal activity state when the temperature sensed is greater than the not to exceed

temperature for operating at an accelerated voltage and clock state.

17. The apparatus of claim 16 also comprising:
d) means for entering a reduced clock state when the processor detects a
series of no-op instructions; and
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normal vol tage and clock state when at | east one
functional units are operating and the sensed tenp
is below an optinumtenperature for operatj,on at t

and cl ock state; b) means for enablindg a utili

tenperature sensed tenperature of the processor is|between the optinum
tenperature and a ¢g)ot t omexserAl rh R A Srefl@dedtd] hgsednd
clock state, said utilization control constraining operation of at |east

one of said YMiaga and\clegk statecto; & mermal| antivity statel when the semsedstemperagiue tofttheg
f . _ DFL
rom the acrcggeéseéﬁg b¥RW B SpffiinleRibkrahlr8 hiid [ifrd ABuD YUl Y. VI LY State

when the te rature sensed s great an the no eed’ 't enperature
for operating at an accel erated voltage and cl ock state. 17. - The

apparatus of, £l ai myl6 also ¢ r.ising. d .._Ireans for entering a reduced
clock state %en t léeai ag'éss‘gtlrgfﬂ@tg;%go%&g@ﬁl& of no-op instructions; and
REPLACEMENT SHEET f) means for switching to the reduced clock state anytime the sensed

temperature of the processor is greater than a specified temperature for the processor.
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Jd 2 3UL 2001 -21- e) means for noving from a rR[PLA_CE ; T_S EETtate or ~
froman accel erated voltage and cl ock 'sﬁfte to & rmal activity dqtate when
the sensed tenperature of the processor“Ts bel ow thel1@dUm2adt erpdr at ure
and there is bus activity only. 18. The apparfatjus of claim1 dl so
cornprising: f) means for switching to the reduced clock state |anytine
the sensed-tenperature of the processor is greatler_ than a specifidd

tenperat ur gof A 861 AR FEMPERATURE/PERFORMANCE/VOLTAGE SCHEME FOR
MICROS (X86)
ABSTRACT n
A processor which optimizes performance opportunistically by using a hierarchy

of variables comprising voltage, clocking and the operations being performed by the
processor or its system. The invention accomplishes performance optimization by
defining various states with the goal that the processor stays in an 6ptimal performance
state of accelerated voltage and clock when the processor executional units (34) are
operating. The states are selected by a logic network based on information that is
provided by temperature sensors (58) and a performance control. The logic net';work can
be envisioned as an UP-DOWN counter. The counter can be advanced UP or DOWN
the state "ladder" as the conditions warrant.

Fig. 3



