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(57) ABSTRACT 

A method and system of adaptive power control based on post 
package characterization of integrated circuits. Characteris 
tics of a specific integrated circuit are used to adaptively 
control power of the integrated circuit. 
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ADAPTIVE POWER CONTROL BASED ON 
POSTPACKAGE CHARACTERIZATION OF 

INTEGRATED CIRCUITS 

RELATED APPLICATION 

0001. This application is a Continuation Application of 
and claims priority to, commonly owned U.S. patent applica 
tion Ser. No. 10/334,919, now U.S. Pat. No. 7,953,990, filed 
Dec. 31, 2002, which is hereby incorporated herein by refer 
ence in its entirety. 

FIELD OF THE INVENTION 

0002 Embodiments of the present invention relate to the 
manufacture and operation of integrated circuits. More par 
ticularly, embodiments of the present invention relate to com 
puter implemented processes for operating an integrated cir 
cuit at an optimal Voltage for that integrated circuit. 

BACKGROUND ART 

0003) A significant problem faced by mobile, e.g., battery 
powered computers is the length of time Such computers are 
capable of operating between charges. An additional concern 
is heat dissipation of the electronics. As computer processors 
become more capable, they tend to run at higher clock rates 
and to dissipate more power. In addition, more capable 
peripherals, e.g., higher capacity hard drives and wireless 
high speed networks, also compete with the main computer 
processor for an ever-increasing portion of the available bat 
tery power. At the same time, the size and weight of portable 
computers is constantly being reduced to make them more 
portable. Since batteries generally are a very significant com 
ponent of the weight of portable computers and other portable 
devices, the tendency has been to maintain battery size and 
thus battery capacity at a minimum. The compact nature of 
portable devices also intensifies heat dissipation issues. 
0004. A great deal of time, expense and effort has been 
directed to techniques for extending the operating life of 
portable computers. Presently, typical processors and com 
puter systems include circuitry and Software for disabling 
various power-draining functions of portable computers 
when those functions are unused for some extensive period. 
For example, various techniques have been devised for turn 
ing off the display Screen when it has not been used for some 
selected period. Similar processes measure the length of time 
between use of hard drives and disable rotation after some 
period. Another of these processes is adapted to put a central 
processor into a quiescent condition after a period of inactiv 
ity. 
0005. In general, these processes are useful in extending 
the operating life of a portable computer. However, the life 
still does not in general achieve a desirable duration. In fact, 
battery life is a highly competitive specification among por 
table processor and computer manufacturers, and there is an 
almost universal desire for more battery life. 
0006. There has been a significant amount of research 
conducted from which processors requiring less power might 
be produced. Most processors used in computer systems 
today are made using complimentary metal oxide semicon 
ductor (CMOS) technology. The power consumed by a 
CMOS integrated circuit is comprised of two components, a 
static portion and a dynamic portion. Dynamic power is given 
approximately by p=CVff, where C is the active switching 
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capacitance, V is the Supply Voltage, and fis the frequency of 
operation, and static power is expressed as idle or “off cur 
rent times Voltage. 
0007. It is desirable to operate a processor at the lowest 
possible Voltage at a frequency that provides the computing 
resource desired by the user at any given moment. For 
instance, if a processor is operating at 600 MHz, and the user 
runs a process that is only half as demanding of the processor, 
the frequency can be decreased by approximately a factor of 
two. Correspondingly, in many cases the Voltage can also be 
decreased by a factor of two. Therefore, dynamic power con 
Sumption can be reduced by a factor of eight. Various methods 
of implementing this dynamic frequency-Voltage scaling 
have been described in the conventional art. 

0008. A highly effective system for adjusting voltage to 
correspond with processing demands is commercially avail 
able on processors from Transmeta Corporation of Santa 
Clara, Calif. Embodiments of such systems are described in 
U.S. patent application Ser. No. 097484,516, entitled Adap 
tive Power Control, to S. Halepete et al., filed Jan. 18, 2000, 
and assigned to the assignee of the present Application. 
0009 Halepete et al. disclose a processor's ability to 
dynamically adapt its Voltage and clock frequency to corre 
spond to the demands placed on the processor by Software. 
Because dynamic power varies linearly with clock speed and 
by the square of Voltage, adjusting both can produce cubic or 
higher order reductions in dynamic power consumption, 
whereas prior processors could adjust power only linearly (by 
only adjusting the frequency). 
0010 FIG. 1 illustrates an exemplary operating frequency 
versus supply voltage curve 110 for the operation of a micro 
processor, according to the conventional art. Curve 110 indi 
cates the required supply Voltage Vdd to achieve a desired 
frequency of operation. For example, in order to operate at 
frequency 120, a supply voltage 160 is required. 
0011 Curve 110 may be established as a standard for a 
population of microprocessors, e.g., by collecting frequency 
Versus Voltage information for a number of microprocessor 
samples. By using a variety of well known statistical analysis 
methods, curve 110 may be established to achieve an optimal 
trade-off of performance and process yield. For example, 
curve 110 may be established such that 90% of all production 
exhibits better frequency-Voltage performance than curve 
110. Using curve 110, a set of frequency-Voltage operating 
points may be established. For example, frequency 150 is 
paired with voltage 190, frequency 140 with voltage 180, 
frequency 130 with voltage 170 and frequency 120 with volt 
age 160. Such a set of frequency-Voltage pairings (or points) 
may also be expressed in the form of a table, as illustrated in 
Table 1, below: 

TABLE 1 

Frequency Supply Voltage 

150 190 
140 18O 
130 170 
120 160 

0012 Such processors are configured to operate at a num 
ber of different frequency and Voltage combinations, or 
points. Special power management Software monitors the 
processor and dynamically Switches between these operating 
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points as runtime conditions change in order to advanta 
geously minimize dynamic power consumption by the pro 
CSSO. 

0013 Unfortunately, in the prior art, such power manage 
ment software has been limited to operate with a single set of 
frequency-Voltage operating points. A set of frequency-Volt 
age operating points is determined, for example, during quali 
fication testing of a specific processor model for a specific 
manufacturing process, and used in the operation of every 
device of that processor model. Such a set of frequency 
Voltage operating points is determined based upon a worst 
case operation of a population of processor devices, deter 
mined, e.g., prior to general availability of the processor 
devices. 

0014) Numerous characteristics related to power con 
Sumption of a processorintegrated circuit ("microprocessor) 
are highly variable across a manufacturing process. For 
example, maximum operating frequency, threshold Voltage 
and capacitance may each vary by 30% or more, from batch to 
batch and even within the same wafer. Leakage current is 
exponential in the threshold voltage and may vary by 500% 
from nominal. As an unfortunate consequence, such a set of 
frequency-Voltage operating points is based upon the worst 
case operation of a population of processor devices, deter 
mined, e.g., during a qualification process, generally prior to 
general availability of the processor devices. 
00.15 Many processors, typically a majority of a manufac 
tured population, are able to operate at more desirable fre 
quency-Voltage operating points than the single standard set 
based upon worst case performance. For example, if the stan 
dard set specifies 600 MHz operation at 1.2 volts, many 
individual processor devices may be able to operate at 600 
MHz at only 1.1 volts. Such better performing processors, 
however, are detrimentally set to operate at the standard fre 
quency-Voltage operating point, wasting power. Further, Such 
parts will typically have a lower threshold voltage, and if 
forced to operate at a higher Supply Voltage will demonstrate 
an increased leakage current. Both effects consume excess 
power and cause an undesirably shorter battery life than is 
optimal for Such a particular processor device. 
0016. In addition, during the commercial lifetime of a 
processor model, numerous refinements and improvements in 
its manufacturing processes are typically made. Some of 
these may improve the power characteristics of the processor 
population, for example, rendering the pre-existing standard 
set of frequency-Voltage operating points less than optimal. 
0017. The conventional art has focused primarily on 
reducing the dynamic power consumption of microproces 
sors. Unfortunately, static power consumption in modern 
semiconductor processes, e.g., processes with a minimum 
feature size of about 0.13 microns and Smaller, is no longer a 
negligible component of total power consumption. For Such 
processes, static power may be one-half of total power con 
Sumption. Further, static power, as a percentage of total 
power, is tending to increase with Successive generations of 
semiconductor process. 
0.018 For example, maximum operating frequency is gen 
erally proportional to the quantity (1-Vt/Vdd), that is, one 
minus the threshold voltage divided by the supply voltage (for 
Small process geometries). As process geometry shrinks, Sup 
ply voltage (Vdd) typically also is decreased in order to avoid 
deleterious effects Such as oxide breakdown. Consequently, 
threshold voltage should also be decreased in order to main 
tain or increase a desirable maximum operating frequency. 
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Correspondingly, gate oxides are made thinner so that a gate 
can maintain control of the channel. A thinner gate oxide 
leads to an increased gate capacitance. Since “off” or leakage 
current of a CMOS device is generally proportional to gate 
capacitance, the trend to make gate oxides thinner tends to 
increase leakage current. Unfortunately, increasing leakage 
current deleteriously increases static power consumption. As 
an unfortunate result, the on-going decrease in semiconduc 
tor process size also leads to an ever-increasing share of total 
power consumption deriving from static power dissipation. 
0019. In addition, because leakage current is influenced by 
numerous aspects of device geometry and implant character 
istics, static power may vary by as much as 500% above or 
below nominal levels. As performance in terms of power 
consumption is a critical attribute for a mobile processor, 
processor manufacturers typically test and certify that a part 
will meet a particular clock rate at a maximum power level. 
e.g., 1 GHz at 8.5 watts. When operating with a fixed set of 
frequency-Voltage operating points, such a maximum power 
level must be achieved at a voltage specified by the set of 
frequency-Voltage operating points. 
0020. If a particular processor device is unable to meet the 
maximum power limit at the standard frequency-Voltage 
operating point, then it is rejected or placed into a higher 
power, and therefore less desirable category or “bin' at manu 
facturing test. Such a part represents a yield loss and a loss of 
potential revenue to the manufacturer. However, such a part 
may oftentimes be able to achieve both the required clock rate 
and power consumption specifications at a lower Voltage. 
0021. Thus, while the systems and techniques of control 
ling frequency-Voltage operating points in the prior art have 
brought about improvements in reduced power consumption 
of processors, the use of a standard set of operating points 
across a variable population of processors results in less than 
optimal power consumption and manufacturing yield losses 
that are highly undesirable. 

SUMMARY OF THE INVENTION 

0022. Therefore, systems and methods of adaptive power 
control based on post package characterization of integrated 
circuits reflective of characteristics of specific integrated cir 
cuits are required. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 FIG. 1 illustrates an exemplary operating frequency 
Versus Supply Voltage curve for the operation of a micropro 
cessor, according to the conventional art. 
0024 FIG. 2 illustrates exemplary frequency-Voltage 
characteristics of specific integrated circuits, according to an 
embodiment of the present invention. 
0025 FIG. 3 illustrates an integrated circuit module, 
according to an embodiment of the present invention. 
0026 FIG. 4 illustrates a device according to an embodi 
ment of the present invention. 
(0027 FIGS. 5A, 5B and 5C illustrate configurations of 
computing elements, according to embodiments of the 
present invention. 
0028 FIG. 6 illustrates a method of manufacturing a 
microprocessor, according to an embodiment of the present 
invention. 
0029 FIG. 7 illustrates a method of manufacturing a 
microprocessor, according to an embodiment of the present 
invention. 
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0030 FIG. 8 illustrates a method of manufacturing a 
microprocessor, according to an embodiment of the present 
invention. 
0031 FIG. 9 illustrates a method of operating an inte 
grated circuit, according to an embodiment of the present 
invention. 
0032 FIG. 10 illustrates a method of operating a micro 
processor, according to an embodiment of the present inven 
tion. 
0033 FIG. 11 illustrates a method of operating a micro 
processor, according to an embodiment of the present inven 
tion. 
0034 FIG. 12 illustrates a method of characterizing a 
microprocessor, according to an embodiment of the present 
invention. 
0035 FIG. 13 illustrates a method of operating a micro 
processor, according to an embodiment of the present inven 
tion. 

DETAILED DESCRIPTION OF THE INVENTION 

0036. In the following detailed description of the present 
invention, adaptive power control based on post package 
characterization of integrated circuits, numerous specific 
details are set forth in order to provide a thorough understand 
ing of the present invention. However, it will be recognized by 
one skilled in the art that the present invention may be prac 
ticed without these specific details or with equivalents 
thereof. In other instances, well-known methods, procedures, 
components, and circuits have not been described in detail as 
not to unnecessarily obscure aspects of the present invention. 

Notation and Nomenclature 

0037. Some portions of the detailed descriptions which 
follow (e.g., processes 600, 700, 800,900, 1000, 1100, 1200 
and 1300) are presented in terms of procedures, steps, logic 
blocks, processing, and other symbolic representations of 
operations on data bits that can be performed on computer 
memory. These descriptions and representations are the 
means used by those skilled in the data processing arts to most 
effectively convey the substance of their work to others 
skilled in the art. A procedure, computer executed step, logic 
block, process, etc., is here, and generally, conceived to be a 
self-consistent sequence of steps or instructions or firmware 
leading to a desired result. The steps are those requiring 
physical manipulations of physical quantities. Usually, 
though not necessarily, these quantities take the form of elec 
trical or magnetic signals capable of being stored, transferred, 
combined, compared, and otherwise manipulated in a com 
puter system. It has proven convenient at times, principally 
for reasons of common usage, to refer to these signals as bits, 
values, elements, symbols, characters, terms, numbers, or the 
like. 
It should be borne in mind, however, that all of these and 
similar terms are to be associated with the appropriate physi 
cal quantities and are merely convenient labels applied to 
these quantities. Unless specifically stated otherwise as 
apparent from the following discussions, it is appreciated that 
throughout the present invention, discussions utilizing terms 
Such as “accessing or “indexing’ or “processing or “com 
puting or “translating” or “calculating or “determining or 
“selecting or “storing or “recognizing” or “generating” or 
“selecting or “moving or “encoding or “combining” or 
“testing of “setting” or “operating or “transforming or 
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“determining or “optimizing or “synthesizing” or “group 
ing or “estimating or “describing or “measuring or 
“recording or “associating or the like, refer to the action and 
processes of a computer system, or similar electronic com 
puting device, that manipulates and transforms data repre 
sented as physical (electronic) quantities within the computer 
system's registers and memories into other data similarly 
represented as physical quantities within the computer sys 
tem memories or registers or other Such information storage, 
transmission or display devices. 

Adaptive Power Control Based on Post Package 
Characterization of Integrated Circuits 

0038 Embodiments of the present invention are described 
in the context of design and operation of highly integrated 
semiconductors. More particularly, embodiments of the 
present invention relate to adaptive power management of 
microprocessors. It is appreciated, however, that elements of 
the present invention may be utilized in other areas of semi 
conductor operation. 
0039 U.S. patent application Ser. No. 09/484,516, 
entitled Adaptive Power Control, to S. Halepete et al., filed 
Jan. 18, 2000, is hereby incorporated herein by reference in its 
entirety. 
0040. A semiconductor manufacturing process is gener 
ally considered to be highly self-consistent, that is, the pro 
cess is very good at producing “exact copies of an integrated 
circuit design. This is especially the case for semiconductor 
products operated in the digital domain. Functionally, the 
semiconductor arts have Succeeded in producing essentially 
perfect copies that function similarly. 
0041. However, numerous analog characteristics of a 
semiconductor are highly variable. For example, threshold 
Voltage, capacitance, gate delay, current consumption, mini 
mum operating Voltage and maximum operating frequency 
may vary 30% or more from chip to chip. Leakage, or “off 
current may be even more variable. For example, it is not 
uncommon for leakage current to vary 500% above or below 
a nominal level. More particularly, parameters related to 
power consumption of an integrated circuit are highly vari 
able. 
0042 FIG. 2 illustrates exemplary frequency-Voltage 
characteristics of specific integrated circuits, according to an 
embodiment of the present invention. Curve 210 illustrates 
measured frequency-Voltage characteristics corresponding to 
a specific integrated circuit out of a manufactured population. 
Also shown for reference is standard frequency-Voltage curve 
110. It is to be appreciated that the frequency-voltage char 
acteristic displayed in curve 210 is different from standard 
curve 110, reflecting variations in results of a manufacturing 
process. 
0043 Curve 210 represents a specific integrated circuit 
with frequency-Voltage characteristics that are better than 
standard curve 110. For example, the integrated circuit rep 
resented by curve 210 is able to achieve frequency 150 at 
supply voltage 260, which is less than supply voltage 190, as 
specified by the standard frequency-Voltage characteristic 
(Table 1). As a beneficial result, such an integrated circuit 
could provide the same level of processing performance (rep 
resented by frequency) at a lower Voltage (e.g., Voltage 260) 
and consequently lower power compared to operating at a 
standard Voltage (e.g., Voltage 190). 
0044 Curve 210 represents an integrated circuit with a 
frequency-Voltage characteristic that is more desirable than 
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the standard curve (110). Typically, a majority of a manufac 
turing population will have Superior frequency-Voltage char 
acteristics, as a standard curve is determined, at least in part, 
to maximize the yield of the manufacturing process. A del 
eterious effect of Such a standard frequency-Voltage charac 
teristic, however, is that most of the integrated circuits are 
capable of better power performance than they are rated. 
0045 Since performance in terms of power consumption 

is a critical attribute for a mobile processor, processor manu 
facturers typically test and certify that a part will meet a 
particular clock rate at a maximum power level. When oper 
ating with a fixed set of frequency-Voltage operating points, 
Such a maximum power level must be achieved at a Voltage 
corresponding to the desired frequency where the Voltage is 
specified by the set of frequency-Voltage operating points. 
For example, the power level of an integrated circuit must be 
less than the maximum limit for frequency 150 at supply 
voltage 190. 
0046 “Fast' parts, for example an integrated circuit cor 
responding to curve 210, are able to achieve higher operating 
frequencies at lower Voltages compared to “slower parts. 
Fast parts typically also have increased current consumption 
at a given Voltage compared to slower parts. Accordingly, 
while the integrated circuit corresponding to curve 210 is 
easily able to operate at frequency 150 at supply voltage 190, 
because it generally will consume more current, it may 
exceed the power limit at the test voltage. Deleteriously, 
under the conventional art, an integrated circuit correspond 
ing to curve 210, though able to achieve a desired operating 
frequency, e.g., frequency 150, at a lower Voltage than speci 
fied by the standard frequency-Voltage characteristic, would 
be rejected for consuming too much power. 
0047 Testing of integrated circuits at typical operating 
frequencies, e.g., a few hundred megahertz into the gigahertz 
range. Such as the testing required to generate curve 210, is 
generally performed after an integrated circuit has been pack 
aged. Test fixtures required to test a packaged part are gener 
ally less expensive than test fixtures required to test at a bare 
die or wafer level. In addition, the packaging, including, for 
example a lead frame, introduces numerous additional elec 
trical and thermal characteristics that may affect the perfor 
mance, particularly the frequency performance, of a pack 
aged device. 
0.048 Unfortunately, the packaging process is expensive, 
in the form of packaging materials, operating expenses and 
capacity of process equipment. If a packaged semiconductor 
is found to have undesirable power characteristics after pack 
aging, the expense of packaging is lost. In addition, certain 
types of non-volatile elements of a semiconductor, e.g., data 
storage fuses, may typically be set only prior to packaging. 
For example, a data storage fuse may be a semiconductor 
structure that is directly accessed (e.g., via laser) or via pads 
that are generally not bonded out. For these and other reasons 
it is frequently desirable to determine power performance of 
an integrated circuit prior to packaging. 
0049 Power consumed by CMOS circuitry is comprised 
of two components, a static portion and a dynamic portion. 
Dynamic power is given approximately by p=CVf, where C 
is the active Switching capacitance, V is the Supply Voltage, 
and f is the frequency of operation, and static power is 
expressed as idle current times Voltage. As described previ 
ously, it is typically not possible to accurately test an inte 
grated circuit at frequency prior to packaging. Consequently, 
dynamic power may not be measured accurately prior to 
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packaging of an integrated circuit. However, capacitance, C. 
and idle current are relatively unaffected by packaging and 
may be accurately measured at a bare die and/or wafer level. 
0050 Advantageously, given capacitance, dynamic power 
may be estimated prior to packaging based upon an assumed 
operating frequency, according to an embodiment of the 
present invention. For example, based upon a measured value 
for capacitance, dynamic power may be estimated for a 
desired frequency of operation. An operating Voltage may be 
specified, for example, per a standard frequency-Voltage 
operating point. Further, since idle current may be measured 
on an unpackaged device, total power (at a desired operating 
frequency) may be directly estimated. 
0051. According to an embodiment of the present inven 
tion, Such an estimation of power consumption (for a desired 
operating frequency) could be used to test reject parts based 
upon excessive power consumption, prior to packaging. 
However, as previously described, a rejection based upon 
Such criteria may deleteriously reject integrated circuit 
devices, e.g., the integrated circuit corresponding to curve 
210 of FIG. 2. 
0.052 According to an alternative embodiment of the 
present invention, it is more desirable to determine a maxi 
mum Voltage required to achieve a maximum power limit, 
assuming that a desired operating frequency is achievable. 
For example, in the power estimation above, specify power 
(as a maximum limit) and solve for Voltage. The resulting 
Voltage is the maximum Voltage at which the integrated cir 
cuit device may be operated at a desired frequency to achieve 
an acceptable power level. It is to be appreciated that the 
integrated circuit has not been tested at the desired frequency. 
However, to meet the power limit, the integrated circuit 
should operate at the desired frequency at a Voltage equal to or 
less than the determined resulting Voltage. 
0053 According to an embodiment of the present inven 
tion, a representation of Such resulting Voltage may be 
encoded, e.g., programmed, into a non-volatile element, e.g., 
a data storage fuse (e.g., a non-resettable semiconductor fea 
ture), electrically erasable programmable read only memory 
(EEPROM) or the like, of the integrated circuit. For example, 
the maximum Voltage allowed may be encoded into the inte 
grated circuit. Alternatively, a mapping into varying sets of 
frequency-Voltage characteristics may be encoded. 
0054 Referring once again to FIG.2, curve 220 represents 
a dividing line between portions of a manufacturing popula 
tion, according to an embodiment of the present invention. 
Some integrated circuits may have a Voltage frequency char 
acteristic to the “left of curve 220, e.g., the integrated circuit 
corresponding to curve 210, and Some may have a Voltage 
frequency characteristic between curve 220 and curve 110. 
0055 Based upon determining a maximum voltage allow 
able (so as not to exceed a maximum power level) for a 
desired operating frequency, specific integrated circuits may 
be placed into one of the above groupings. Curve 220 may 
become a second set of frequency-Voltage operating points. 
With two sets of frequency-Voltage operating points, repre 
sented by curves 110 and 220, integrated circuits could be 
operated at more optimal power levels based upon specific 
characteristics of a given, specific integrated circuit. For 
example, the integrated circuit corresponding to curve 210 
could be operated at the frequency-Voltage operating points 
of curve 220, saving power relative to operating the same 
integrated circuit at the standard frequency-Voltage operating 
points of curve 110. An encoded non-volatile circuit element 
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may determine which set of frequency-Voltage operating 
points should be used during operation. 
0056 Table 2, below, illustrates an exemplary pair of sets 
of frequency-Voltage operating points, according to an 
embodiment of the present invention. 

TABLE 2 

Standard Fast 

Frequency Supply Voltage Frequency Supply Voltage 

1.0 GHz 1.50 V 1.0 GHz 1.40 V 
800 MHz 1.3OW 800 MHz 1.25 V. 
600 MHz 1.20 V 600 MHz 1.1OW 
400 MHz 1.05 V 400 MHz 1.OOW 

Table 2 illustrates two sets of frequency-Voltage operating 
points, a standard set in the two left columns and a set for 
“fast' parts in the two right columns. For example, if the 
“fast set of frequency-Voltage operating points corresponds 
with curve 220, then an integrated circuit corresponding to 
curve 210 may be advantageously operated at frequency 
voltage points in the “fast set of Table 2. When operated 
according to Such “fast operating points, a “fast' integrated 
circuit will consume less power than when operated at a 
standard set of operating points. 
0057 Embodiments of the present invention are well 
Suited to other methods of representing frequency-Voltage 
characteristics of integrated circuits. For example, a fre 
quency-voltage characteristic could be represented as coeffi 
cients of a polynomial describing, or approximately describ 
ing, a frequency-Voltage characteristic. 
0.058. Further, and in a similar fashion, such an encoded 
non-volatile circuit element may be used to determine a Sup 
ply Voltage for dynamic power testing of a packaged device. 
For example, fast parts, such as the integrated circuit corre 
sponding to curve 210, should be tested at a lower supply 
Voltage for a desired frequency, corresponding to curve 220. 
Whereas under the conventional art a fast part may have failed 
a maximum power limit test operating at a standard fre 
quency-Voltage operating point, e.g., curve 110, a higher 
percentage of devices will pass Sucha test operating at a lower 
Voltage corresponding to curve 220. As a beneficial result, 
embodiments of the present invention advantageously 
increase the manufacturing yield. 
0059. It is to be appreciated that embodiments of the 
present invention are well Suited to segmenting a manufac 
turing population into more than the illustrated two groups. 
More sets of frequency-Voltage characteristics could be cre 
ated and more bits used to identify such sets could be encoded 
into each specific integrated circuit. 
0060 Speed, or operating frequency for most semicon 
ductors varies with temperature. For example, at a given 
Voltage an integrated circuit may run faster at a lower tem 
perature than at a higher temperature. As a corollary, an 
integrated circuit may typically be operated at a desired fre 
quency with a lower Supply Voltage at a lower temperature 
when a higher Supply Voltage is required to operate at the 
same desired frequency at a higher temperature. 
0061 According to an embodiment of the present inven 

tion, chip temperature may be used to select an optimal volt 
age of operation for a desired operating frequency. Table 3. 
below, illustrates exemplary sets of frequency-Voltage oper 
ating points incorporating chip temperature, according to an 
embodiment of the present invention. 

Sep. 22, 2011 

TABLE 3 

Chip Standard Fast 

Temperature Frequency Supply Voltage Frequency Supply Voltage 

100° C. 1.0 GHz 1.50 V 1.0 GHz 1.40 V 
Hot 800 MHz 1.3OW 800 MHz 1.25 V. 

600 MHz 1.20 V 600 MHz 1.1OW 
400 MHz 1.05 V 400 MHz 1.OOW 

50° C. 1.0 GHz 1.40 V 1.0 GHz 1.30 V 
“Cool 800 MHz 1.3OW 800 MHz 1.15 V 

600 MHz 1.1OW 600 MHz 1.OOW 
400 MHz 0.95 V 400 MHz O.90 V 

Table 3 illustrates four sets of frequency-Voltage operating 
points, two standard sets in the second and third columns and 
two sets for “fast' parts in the two right columns. There are 
two standard sets and two fast sets, based upon chip tempera 
ture, e.g., “hot” and “cool.” If chip temperature is known to be 
less than or equal to 50° C., an integrated circuit may be 
advantageously operated at frequency-Voltage points in the 
“cooler' or bottom portion of Table 3. When operated accord 
ing to such "cool” operating points, an integrated circuit will 
consume less power than when operated at a standard set (that 
doesn’t account for temperature, e.g., Table 2) of operating 
points. 
0062. It is to be appreciated that embodiments of the 
present invention are well Suited to characterizing frequency 
Voltage characteristics into more than the illustrated two tem 
perature groups. More sets of temperature dependent fre 
quency-Voltage characteristics could be created and more bits 
used to identify Such sets could be encoded into each specific 
integrated circuit. 
0063. While encoding a mapping into varying sets of fre 
quency-Voltage characteristics into an integrated circuit is 
sometimes desirable, there are limitations as well. A first 
limitation relates to the amount of information that may actu 
ally be encoded into an integrated circuit. Microprocessors 
typically have extremely limited amounts of or no non-vola 
tile storage. The reasons for a paucity of Such on-chip non 
Volatile storage include circuit size, e.g., a bit of non-volatile 
storage consumes valuable circuit area, more optimally used 
for microprocessor circuitry. Another reason relates to semi 
conductor processes, e.g., many types of integrated circuit 
non-volatile storage require additional semiconductor masks 
and process steps not required for standard microprocessor 
circuitry. Such masks and process steps are expensive and add 
complexity to a manufacturing process, thereby increasing 
costs and reducing yield. For these reasons and others, non 
Volatile storage requiring additional process steps is typically 
not included in a microprocessor. 
0064. A second limitation involves the capacity and capa 

bilities of die/wafer level testing. Die and wafer level testers 
are expensive, more so than packaged testers, and as previ 
ously described typically can not fully characterize the fre 
quency-Voltage behavior of an integrated circuit because of 
the electrical effects of packaging. Consequently, it is some 
times more desirable to characterize the frequency-Voltage 
behavior of an integrated circuit after packaging. 
0065. It is to be appreciated that embodiments of the 
present invention are well Suited to encoding a mapping into 
varying sets of frequency-Voltage characteristics into an inte 
grated circuit after packaging. For example, on-chip non 
Volatile storage may be accessible via package pins, and a 
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tester could write mapping information into such storage. 
However, it will frequently be the case that on-chip non 
Volatile storage may not be encoded after packaging. At other 
times there may not be sufficient on-chip non-volatile storage 
available for encoding the desired amount of information. 
In Such cases, alternative means of associating one or more 
frequency-Voltage characteristics with a specific integrated 
circuit should be employed. 
0066. According to an embodiment of the present inven 

tion, a frequency-Voltage characteristic, or a mapping of a 
frequency-Voltage characteristic, of a specific integrated cir 
cuit may be encoded in a non-volatile memory device that is 
associated with the specific integrated circuit. Example 
devices include without limitation electrically erasable pro 
grammable read only memory (EEPROM), battery-backed 
up random access memory (RAM), mask ROM, ferro-mag 
netic RAM, data storage fuses within semiconductor packag 
ing, data storage fuses that are a part of an integrated circuit, 
wiring connections (e.g., encoding by coupling pins to Vcc 
and/or ground), and the like. 
0067. One desirable method of associating a non-volatile 
memory device with specific integrated circuit is to include a 
memory device in the packaging of the specific integrated 
circuit, for example in a multi-chip module. 
0068 Embodiments of the present invention are well 
Suited to other methods of associating a frequency-Voltage 
characteristic, or a mapping of a frequency-Voltage charac 
teristic, of a specific integrated circuit with the specific inte 
grated circuit. One method maintains a database in computer 
readable media of a plurality of frequency-Voltage character 
istics for a plurality of integrated circuits. A specific fre 
quency-Voltage characteristic of a specific integrated circuit 
may then be referenced by an identifying attribute of the 
integrated circuit, e.g., a unique serial number. 
0069. The specific frequency-voltage characteristic may 
then be transferred by a wide variety of means, e.g., internet 
download, and referenced at many points during the manu 
facture and/or use of products using the integrated circuit. For 
example, if the integrated circuit was a microprocessor, the 
manufacturer of a computer comprising the microprocessor 
could assemble the computer, electronically access the 
microprocessor serial number, access the specific frequency 
Voltage characteristic, e.g., in a data file, and configure a 
unique ROM for that computer. Such a ROM would then 
reflect the specific frequency-Voltage characteristic of the 
microprocessor at the heart of that particular computer. 
0070 Encoding information after a packaging operation 
typically makes a greater amount of Storage available that 
pre-packaging encoding. For example, a memory semicon 
ductor typically comprises millions of bits of information as 
opposed to a few bits which might be included in a micropro 
cessor. In addition, numerous types of well known computer 
systems that may be coupled to a microprocessor, e.g., testing 
machines, may have, or be further coupled to essentially 
unlimited storage. 
0071. Further, since an integrated circuit may be fully 
characterized after packaging, it is typically possible to 
encode greater amounts of information specific to a particular 
integrated circuit after packaging. According to an embodi 
ment of the present invention, information of specific inte 
grated circuit frequency-Voltage characteristics may be 
encoded after packaging the integrated circuit. 
0072 Such postpackaging encoding may store a variety of 
types of information. For example, an integrated circuit may 
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be characterized as belonging to one of a plurality of groups 
of integrated circuits which have similar frequency-Voltage 
characteristics. Information encoded may identify which of 
Such groups best describes a specific integrated circuit. 
0073. Alternatively, a frequency-voltage characteristic of 
a specific integrated circuit may be encoded. For example, 
attributes of curve 210 (FIG. 2) may be encoded. In this 
manner, a single set of frequency-Voltage characteristics may 
be utilized by power management Software operating on a 
specific integrated circuit. Advantageously, such a single set 
of characteristics reduces storage requirements relative to 
storing multiple sets. In addition, power management Soft 
ware may be simplified and operate more efficiently with 
reduced indirection in referencing a single set of operating 
points. 
0074 Embodiments of the present invention are well 
suited to a wide variety of well known methods of represent 
ing curves, including data reduction techniques, such as a 
frequency-Voltage curve of an integrated circuit. 
0075 According to one embodiment of the present inven 
tion, tables containing coordinate points are used to represent 
frequency-Voltage characteristics. According to an alterna 
tive embodiment, a frequency-Voltage characteristic may be 
represented as coefficients of a polynomial describing, or 
approximately describing, a frequency-Voltage characteris 
tic. 
0076 Table 4, below, illustrates a frequency-voltage char 
acteristic of a specific microprocessor, according to an 
embodiment of the present invention. 

TABLE 4 

Chip Operating Point 

Temperature Frequency Supply Voltage 

100° C. 1.0 GHz 1.50 V 
Hot 800 MHz 1.30 V 

600 MHz 1.20 V 
400 MHz 1.05 V 

50° C. 1.0 GHz 1.40 V 
“Cool 800 MHz 1.30 V 

600 MHz 1.1OW 
400 MHz 0.95 V 

0077. It is to be appreciated that only one set of voltage 
frequency characteristics (optionally per temperature) is 
included in Table 4. 

(0078 FIG. 3 illustrates an integrated circuit module 300, 
according to an embodiment of the present invention. Module 
300 comprises a microprocessor 310 and a non-volatile stor 
age 320. Microprocessor 310 and storage 320 are coupled by 
coupling 330. Module 300 generally conforms to a wide 
variety of types of integrated circuit packaging, e.g., a pack 
age designed for direct or indirect mounting on a printed 
circuit board. Example packages include without limitation 
ball grid arrays, pin grid arrays, thin quad flat packs, leadless 
chip carriers and the like. Module 300 may be a multi-chip 
module, capable of containing a plurality of integrated cir 
cuits. In one example, the processor 310 and storage device 
320 are separate integrated circuits. 
0079 Embodiments of the present invention are also well 
Suited to modules comprising a microprocessor which is 
directly attached to a circuit board, e.g., via direct chip attach 
(DCA). Integrated circuits which are DCA-mounted typi 
cally have an encapsulant or “glop top' applied after mount 
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ing, although this is not required by embodiments of the 
present invention. No requirement of physical proximity of 
components of a module is intended by the foregoing discus 
Sion. 

0080. Non-volatile storage 320 is well suited to a wide 
variety of types of non-volatile storage. For example, storage 
320 may be an integrated circuit device, including without 
limitation electrically erasable programmable read only 
memory (EEPROM), battery-backed up random access 
memory (RAM), mask ROM, and ferro-magnetic RAM. 
Storage 320 is also well suited to a wide variety of other types 
of data storage, including data storage fuses within semicon 
ductor packaging, data storage fuses that are a part of an 
integrated circuit, wiring connections (e.g., encoding by cou 
pling pins to Vcc and/or ground), and the like. 
0081 FIG. 4 illustrates a device 400, according to an 
embodiment of the present invention. Device 400 may form a 
computer, or portions thereof, e.g., a computer motherboard. 
Device 400 comprises a microprocessor 410 and a memory 
space 450. Microprocessor 410 is capable of operating at a 
plurality of Voltages and further capable of operating at a 
plurality of frequencies. 
0082 Memory space 450 is coupled to microprocessor 
410. Memory space 450 is well suited to a wide variety of well 
known types of memory, including without limitation internal 
RAM or ROM within microprocessor 410, RAM or ROM 
outside of microprocessor 410 and other forms of computer 
readable media. 

0083 Voltage supply 420 is coupled to microprocessor 
410. Voltage supply 420 furnishes a selectable voltage 430 to 
microprocessor 410. Microprocessor 410 is coupled to volt 
age Supply 420 via coupling 440, in order to cause Voltage 
Supply 420 to select an optimal voltage. 
0084. According to an alternative embodiment of the 
present invention, device 400 may further comprise memory 
space 460. Memory space 460 is coupled to microprocessor 
410, for example via the same coupling means as memory 
space 450. Memory space 460 is well suited to similar types 
of memory as previously described for memory 450, and is 
further well suited to being within the same physical device as 
memory space 450. However, memory space 460 is not 
required to be in the same physical device as memory space 
450, and some optimizations of computer 400 may preferen 
tially separate the two memories by type and/or device. 
0085. According to another alternative embodiment of the 
present invention, device 400 may comprise logic 470. Logic 
470 is coupled to memory 460 and microprocessor 410. Logic 
470 accesses a desired frequency of operation, which may be 
determined by microprocessor 410, and uses memory 460 to 
determine a corresponding Voltage. Logic 470 causes micro 
processor 410 to operate at the desired frequency of operation 
and at the corresponding Voltage. Logic 470 is well Suited to 
Software embodiments executing, for example, on micropro 
cessor 410. Logic 470 may also execute on a second processor 
(not shown), or comprise a functional set of gates and/or 
latches. Logic 470 is well suited to being internal or external 
to microprocessor 410. 
I0086 FIGS. 5A, 5B and 5C illustrate configurations of 
computing elements, according to embodiments of the 
present invention. FIG. 5A illustrates configuration 570 of 
computing elements, according to an embodiment of the 
present invention. Configuration 570 is well suited to a wide 
variety of placing, mounting and interconnection arrange 
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ments. For example, configuration 570 may be a portion of a 
computer “mother board.” Alternatively, configuration 570 
may be a multi-chip module. 
I0087 Data structure 505 comprises voltage-frequency 
relationship information specific to processor 501. In contrast 
to the conventional art, information of data structure 505 is 
based upon testing of processor 501, as opposed to being 
information generally about a population of processors of 
similar design. Data structure 505 may reside in memory 506, 
which is external to processor 501. Memory 506 may be, for 
example, a ROM integrated circuit. Embodiments of the 
present invention are well Suite to other types of memory as 
well, e.g., RAM, rotating magnetic storage, etc. 
I0088 Control logic 507 uses information from data struc 
ture 505 to control the voltage and/or frequency of operation 
for processor 501. Such control may be to minimize power 
consumption of processor 501. Control logic 507 is well 
suited to software executing on processor 501. 
I0089 FIG. 5B illustrates configuration 580 of computing 
elements, according to an embodiment of the present inven 
tion. Configuration 580 is well suited to a wide variety of 
placing, mounting and interconnection arrangements. For 
example, configuration 580 may be a portion of a computer 
“mother board. Alternatively, configuration 580 may be a 
multi-chip module. 
0090 Data structure 530 comprises voltage-frequency 
relationship information for a class of processors of the type 
of processor 503. Likewise, data structures 540 and 550 com 
prises Voltage-frequency relationship information respec 
tively for other classes of processors of the type of processor 
503. In contrast to the conventional art, information of data 
structures 530-550 represents, segments of a manufacturing 
population of processors of the same type as processor 503. 
Typically, information 530,540 and 550 will differ. Embodi 
ments of the present invention are well Suited to varying 
numbers of such data structures. Data structures 530,540 and 
550 may reside in memory 560, which is external to processor 
503. Memory 560 may be, for example, a ROM integrated 
circuit. Embodiments of the present invention are well suite to 
other types of memory as well, e.g., RAM, rotating magnetic 
Storage, etc. 
0091 Class identifier 520 comprises information as to 
which Voltage-frequency relationship (e.g., contained in data 
structure 530,540 or 550) best corresponds to processor 503. 
Class identifier 520 is determined and recorded during pro 
duction of processor 503. Such determination and recording 
of a class identifier may be performed prior to packaging of 
processor 503. Class identifier 520 is typically a few bits, and 
is well Suited to many types of non-volatile storage, e.g., data 
storage fuses or electrically erasable programmable read only 
memory (EEPROM). 
0092 Control logic 525 accesses information from class 
identifier 520 to determine which data structure, e.g., 530, 
540 or 560, corresponds to processor 503 and should be used 
to control the Voltage and/or frequency of operation for pro 
cessor 503. Such control may be to minimize power con 
sumption of processor 503. Control logic 525 is well suited to 
software executing on processor 503. 
(0093 FIG. 5C illustrates configuration 590 of computing 
elements, according to an embodiment of the present inven 
tion. Configuration 590 is well suited to a wide variety of 
placing, mounting and interconnection arrangements. For 
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example, configuration 590 may be a portion of a computer 
“mother board. Alternatively, configuration 590 may be a 
multi-chip module. 
0094) Data structure 505 comprises voltage-frequency 
relationship information specific to processor 502. In contrast 
to the conventional art, information of data structure 505 is 
based upon testing of processor 502, as opposed to being 
information generally about a population of processors of 
similar design. Data structure 505 is internal to processor 502. 
Data structure 505 may be stored in a wide variety of well 
known memory types are may be included in a processor, e.g., 
non-volatile RAM, electrically erasable programmable read 
only memory (EEPROM), etc. 
0095 Control logic 508 uses information from data struc 
ture 505 to control the voltage and/or frequency of operation 
for processor 502. Such control may be to minimize power 
consumption of processor 502. Control logic 508 is well 
suited to software executing on processor 502. 
0096 FIG. 6 illustrates a method 600 of manufacturing a 
microprocessor, according to an embodiment of the present 
invention. In step 610, a Voltage required by the microproces 
Sor to meet a power limit at a specified frequency is deter 
mined. The Voltage may be determined by operating the 
microprocessor at the specified frequency and measuring its 
power consumption, for example. 
0097. In step 620, information of the voltage is stored into 
computer readable media. Embodiments of the present inven 
tion are well suited to storing the information in a wide variety 
of types of computer readable media, including memory or 
storage systems of an integrated circuit tester or manufactur 
ing data logging systems, integrated circuits within common 
packaging of the microprocessor, separate integrated circuit 
memories and the like. According to an embodiment of the 
present invention, the information comprises frequency Volt 
age relations specific to the microprocessor. 
0098 FIG. 7 illustrates a method 700 of manufacturing a 
microprocessor, according to an embodiment of the present 
invention. In step 710, an optimal voltage required by the 
microprocessor to operate at each of a plurality of specified 
frequencies is determined, producing a plurality of Voltage 
frequency relations. The Voltage frequency relations may be 
similar to Table 4, above. 
0099. In step 720, information of the plurality of relations 

is stored into computer readable media. Embodiments of the 
present invention are well Suited to storing the information in 
a wide variety of types of computer readable media, including 
memory or storage systems of an integrated circuit tester or 
manufacturing data logging systems, integrated circuits 
within common packaging of the microprocessor, separate 
integrated circuit memories and the like. 
0100 FIG. 8 illustrates a method 800 of manufacturing a 
microprocessor, according to an embodiment of the present 
invention. In step 810, a plurality of unpackaged micropro 
cessors is accessed. It is appreciated that “packaging and like 
terms refer to semiconductor packaging, e.g., a pin grid array 
package, rather than shipping or consumer packaging. The 
microprocessors may be in wafer form. 
0101. In step 820, a voltage required by one of the plurality 
of unpackaged microprocessors to meet a power limit at a 
specified frequency is determined. The Voltage may be deter 
mined by measuring capacitance and/or idle current of the 
microprocessor. 
0102. In step 830, information of said voltage is encoded 
into the microprocessor. Embodiments of the present inven 
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tion are well suited to a wide variety of well known types of 
storage that may be a part of a microprocessor and encoded in 
step 830. Examples include, without limitation, data storage 
fuses and electrically erasable read only memory and the like. 
(0103 FIG. 9 illustrates a method 900 of operating an 
integrated circuit, according to an embodiment of the present 
invention. In step 910, a frequency-voltage characteristic of 
an integrated circuit is measured and recorded. The integrated 
circuit may be a microprocessor, and the integrated circuit 
may be packaged or unpackaged. 
0104. In step 920, the frequency-voltage characteristic is 
associated with the integrated circuit for optimizing the 
operation of the integrated circuit. The frequency-Voltage 
characteristic may be associated with the integrated circuit in 
a wide variety of ways, including via encoding information in 
the integrated circuit or encoding information in a device that 
will be delivered to a customer with the integrated circuit. 
According to an alternative embodiment of the present inven 
tion, associating may take the form of maintaining a database 
in computer readable media of a plurality of frequency-Volt 
age characteristics for a plurality of integrated circuits. A 
specific frequency-Voltage characteristic of a specific inte 
grated circuit may then be referenced by an identifying 
attribute of the integrated circuit, e.g., a unique serial number. 
0105. In step 930, the integrated circuit is operated at a 
Voltage and frequency specified by the frequency-Voltage 
characteristic. 
0106 FIG. 10 illustrates a method 1000 of operating a 
microprocessor, according to an embodiment of the present 
invention. In step 1010, a desirable operating frequency is 
determined for the microprocessor. One typical means of 
determining a desirable frequency is based upon the process 
ing needs of Software executing on the microprocessor. 
0107. In step 1020, an optimal voltage for operating the 
microprocessor at the desirable operating frequency is 
selected. The optimal Voltage selected is based upon charac 
teristics that are specific for the microprocessor. 
0108. In step 1030, the microprocessor is operated at the 
optimal Voltage. For example, the microprocessor may cause 
a selectable Voltage Supply, e.g., Voltage Supply 420 of FIG. 4. 
to output the optimal Voltage. According to an alternative 
embodiment of the present invention, the microprocessor 
may be operated at the desirable frequency while operating at 
the optimal Voltage. 
0109 FIG. 11 illustrates a method 1100 of operating a 
microprocessor, according to an embodiment of the present 
invention. In step 1120, a set frequency at which the micro 
processor is to operate is accessed. 
0110. In step 1130, a corresponding set voltage at which 
the microprocessor optimally operates at the set frequency is 
determined using the set frequency. The determining is based 
on a Voltage-frequency relationship that is specific to the 
microprocessor. 
0111. In step 1140, the microprocessor is operated at the 
set frequency and the corresponding set Voltage. 
0112. In optional step 1110, the set frequency is deter 
mined by examining a contemporaneous set of operations 
performed by the microprocessor. 
0113 FIG. 12 illustrates a method 1200 of characterizing 
a microprocessor, according to an embodiment of the present 
invention. In step 1210, a frequency-Voltage relationship spe 
cific to a microprocessor is measured and recorded. The fre 
quency-Voltage relationship may record frequency-Voltage 
pairs for optimal operation of the microprocessor. Embodi 
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ments of the present invention are well suited to other well 
known methods of recording a relationship, including various 
well known data reduction methods. 
0114. In step 1220, the frequency-voltage relationship is 
associated with the microprocessor so that said frequency 
Voltage relationship can be accessed and used during opera 
tion of the microprocessor for optimal use thereof. 
0115 FIG. 13 illustrates a method 1300 of operating a 
microprocessor, according to an embodiment of the present 
invention. In step 1310, a desirable operating frequency is 
determined for the microprocessor. Embodiments of the 
present invention are well Suited to a variety of optimizations 
to determine a desirable frequency. One typical means of 
determining a desirable frequency is based upon the process 
ing needs of software executing on the microprocessor. 
0116. In step 1320, information specific to the micropro 
cessor is accessed. For example, the information may be 
stored in memory, e.g., memory 450 of FIG. 4. The informa 
tion is used to determine an optimal Voltage for operating the 
microprocessor at the desirable frequency. The optimal volt 
age is based upon characteristics of the microprocessor. 
0117. According to an alternative embodiment of the 
present invention, the information may be accessed from 
within the microprocessor. 
0118. In step 1330, the microprocessor is operated at the 
optimal Voltage. For example, the microprocessor may cause 
a selectable Voltage Supply, e.g., Voltage Supply 420 of FIG. 4. 
to output the optimal Voltage. According to an alternative 
embodiment of the present invention, the microprocessor 
may be operated at the desirable frequency while operating at 
the optimal voltage. Steps 1310 through 1330 may be 
repeated, if desired. For example, if a processing load 
changes, a new desirable operating frequency may be deter 
mined, a corresponding Voltage may be accessed, and the 
microprocessor may be operated at the new frequency and 
Voltage. 
0119) A system and method of adaptive power control of 
integrated circuits are disclosed. A desirable operating fre 
quency is determined for the integrated circuit. The integrated 
circuit may be a microprocessor. The desirable operating 
frequency may be determined based upon a determined pro 
cessing load desired of the microprocessor. An optimal Volt 
age for operating the microprocessor at the desired operating 
frequency is selected. The selection is based upon character 
istics that are specific to the microprocessor. The micropro 
cessor is operated at the optimal voltage. 
0120 Embodiments of the present invention provide a 
means to adaptively control power consumption of an inte 
grated circuit based upon specific characteristics of the inte 
grated circuit. Further embodiments of the present invention 
provide for the above mentioned solution to be achieved with 
existing semiconductor processes and equipment without 
revamping well established tools and techniques. 
0121 The preferred embodiment of the present invention, 
adaptive power control based on post package characteriza 
tion of integrated circuits, is thus described. While the present 
invention has been described in particular embodiments, it 
should be appreciated that the present invention should not be 
construed as limited by Such embodiments, but rather con 
Strued according to the below claims. 
What is claimed is: 
1. A method comprising: 
determining, independent of operating Voltage, a desirable 

operating frequency for a integrated circuit; 
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accessing an indication of Voltage corresponding to the 
desirable operating frequency, the Voltage selected 
based upon characteristics that are specific for the inte 
grated circuit and determined after packaging of the 
integrated circuit, wherein the characteristics are stored 
external to a Substrate of the integrated circuit; and 

operating the individual integrated circuit of the plurality 
of integrated circuits at the Voltage. 

2. The method of claim 1, wherein the indication of voltage 
is encoded within integrated circuit packaging of, but sepa 
rate from, the integrated circuit. 

3. The method of claim 1, further comprising operating the 
integrated circuit at the desirable operating frequency while 
operating at the Voltage. 

4. The method of claim 1, wherein the characteristics com 
prise a temperature measurement of the integrated circuit. 

5. The method of claim 4, wherein the temperature mea 
Surement is made proximate to said accessing. 

6. The method of claim 1, wherein the characteristics com 
prises a mapping into one of at least two sets of Voltage 
frequency operating points. 

7. The method of claim 1, wherein the characteristics com 
prises a single set of Voltage-frequency operating points. 

8. A computer system comprising: 
a processor capable of being operated at a plurality of 

frequencies and at a plurality of Voltages; 
first Software for determining an operating frequency inde 

pendent of operating Voltage; 
second software for determining an operating voltage cor 

responding to the operating frequency, wherein said 
determining an operating Voltage is based on a fre 
quency-Voltage relationship that is specific to the pro 
cessor, determined after packaging of the processor and 
stored externally to the processor; and 

third software for commanding the processor to operate at 
the operating Voltage. 

9. The computer system of claim8, wherein the frequency 
Voltage relationship is encoded within integrated circuit 
packaging of, but separate from, the processor. 

10. The computer system of claim 8, further comprising 
operating the processor at the desirable operating frequency 
while operating at the Voltage. 

11. The computer system of claim 8, wherein the fre 
quency-Voltage relationship comprises a temperature mea 
Surement of the processor. 

12. The computer system of claim 11, wherein the tem 
perature measurement is made proximate to said determining 
an operating frequency. 

13. The computer system of claim 8, wherein the fre 
quency-Voltage relationship comprises a mapping into one of 
at least two sets of Voltage-frequency operating points. 

14. The computer system of claim 8, wherein the fre 
quency-Voltage relationship comprises a single set of voltage 
frequency operating points. 

15. A computer system comprising: 
means for accessing a measurement of a frequency-Voltage 

characteristic of an integrated circuit, wherein the fre 
quency-Voltage characteristic is determined after pack 
aging of the integrated circuit and is stored external to a 
Substrate of the integrated circuit; and 

means for operating the integrated circuit at a Voltage and 
frequency specified by the frequency-Voltage character 
istic. 
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16. The computer system of claim 15, wherein the fre 
quency-Voltage characteristic is encoded within integrated 
circuit packaging of, but separate from, the integrated circuit. 

17. The computer system of claim 16, wherein the fre 
quency-Voltage characteristic comprises a temperature mea 
Surement of the integrated circuit. 

18. The computer system of claim 17, further comprising 
means for measuring a temperature of the integrated circuit. 

Sep. 22, 2011 

19. The computer system of claim 18, wherein said means 
for operating further comprises means for operating the inte 
grated circuit at a Voltage and frequency corresponding to 
said temperature measurement. 

20. The computer system of claim 17, wherein said tem 
perature measurement is performed proximate to said 
accessing. 


