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Figure 3

Provide a programmable power supply that generates a S0
supply voltage in response to one or more voltage control signals.

;

Provide an integrated circuit device that operates 32
in response to the supply voltage and is programmed
with one or more predetermined operational voltages.

:

Determine the temperature of the integrated circuit device. 34
Select one of the predetermined operational voltages 56

of the integrated circuit device.

:

Generate the voltage control signals aécording to the selected 38
predetermined operational voitage such that the supply voltage
is substantially the selected predetermined operational voltage.

:

Generate the supply voltage according to the voltage control signals.
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INTEGRATED CIRCUIT DEVICE THAT SELECTS
ITS OWN SUPPLY VOLTAGE BY CONTROLLING
A POWER SUPPLY

FIELD OF THE INVENTION

The present invention relates generally to supplying
electrical power to circuits, and more specifically to
integrated circuit devices that select their own supply
voltage by controlling a separate power supply.

BACKGROUND OF THE INVENTION

The present invention addresses two problems associ-
ated with the operational voltage (i.e., the power supply
voltage) of today’s microprocessors and other inte-
grated circuit devices (ICs). First, the operational volt-
ages of today’s microprocessors are progressively being
decreased in order to optimize performance and reduce
power consumption. Reducing the operational voltage
permits down-scaling of a microprocessor’s transistors
which helps to provide higher frequency operation.
This “decreasing operational voltages” problem mainly
affects board designers and computer manufacturers
because each decrease requires costly changes to exist-
ing computer system designs in order to provide the
new operational voltages. Second, having to guarantee
microprocessor operation over a full range of voltage
and temperature specifications limits the upper fre-
quency specification of IC devices. This “full voltage
range specification” problem mainly affects micro-
processor manufacturers by limiting the high-end speed
performance of their microprocessors. These problems,
however, are not unique to microprocessors but are
associated to some degree with all integrated circuit
devices. Each problem will now be discussed in more
detail.

Decreasing Operational Voltages Problem. Comput-
ers and other digital devices include a variety of indi-
vidual ICs. For example, a personal computer, such as
an IBM PCTM computer, or compatible type com-
puter, typically includes a microprocessor, memory
chips, various peripheral controller chips, video display
chips, etc. Each IC requires electrical power. A PC also
includes a power supply for supplying various supply
voltages to the ICs. A typical PC power supply pro-
vides voltages of +5.0 and ==12.0 volts. Traditionally, a
PC’s microprocessor has operated at the +5.0 volt
supply voltage.

Today the operational voltage of microprocessors are
progressively being reduced in order to help increase
microprocessor performance and reduce power con-
sumption to increase battery life of laptop and notebook
computers. Reducing the operational voltage helps to
provide increased performance because at the reduced
voltage the microprocessor’s transistors can be scaled to
smaller sizes which are capable of operating at higher
frequencies. For example, a 3.3 volt version of the
1486 TM microprocessor available from Intel Corpora-
tion of Santa Clara, California is currently available and
future versions operating at 2.5 volts and 1.8 volts are
_ already planned. Previously, Intel architecture micro-
processors were only available in 5.0 volt versions.

But along with the benefits of reduced power con-
sumption, decreasing the operational voltage of today’s
microprocessors poses problems for both computer
system manufacturers and microprocessor manufactur-
ers. For computer manufacturers, one problem is hav-
ing to redesign their computer systems with a new
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power supply to provide the new supply voltage. For
microprocessor manufacturers, one problem is having
to provide multiple versions of their microprocessors,
one that operates at the reduced voltage and another
that operates at the old voltage, because not all com-
puter manufacturers are able to change to the reduced
voltage microprocessors.

Full Voltage Range Specification Problem. The
highest frequency, or highest speed, of reliable opera-
tion speed of an integrated circuit device changes with
the supply voltage and the temperature of the device.
For example, at a constant temperature a microproces-
sor’s maximum frequency typically increases with in-
creasing supply voltage (within the operational range).
At a constant supply voltage a microprocessor’s maxi-
mum frequency typically decreases with increasing
temperature. Therefore, a typical microprocessor is
slowest when operating at low voltage and high tem-
perature and fastest when operating at high voltage and
low temperature.

Today, microprocessor manufacturers specify a guar-
anteed range of supply voltages and temperatures over
which their microprocessors are guaranteed to operate
at a specified upper frequency. For example, one ver-
sion of Intel’s i486 TM microprocessor is specified to
operate at 66 MHz over a temperature range of 0°-85°
C. and a power supply voltage range of 5.0+0.25 volts.
Another version of Intel’s 486 TM microprocessor is
specified to operate at 66 MHz over a temperature
range of 0°-85° C. and a power supply voltage range of
3.3=%0.3 volts.

Having to guarantee microprocessor operation over a
full range of supply voltages and temperatures unduly
limits the upper frequency specification because only
certain supply voltage and temperature combinations
exhibit slower performance. If the frequency-limiting
supply voltage and temperature combinations (such as
low voltage and high temperature) could be avoided,
the upper frequency specification of the microprocessor
could be increased, thereby providing higher perfor-
mance micCroprocessors.

Considering the foregoing problems, an integrated
circuit device that selects its own supply voltage by
controlling a power supply is needed.

SUMMARY OF THE INVENTION

The present invention covers an integrated circuit
device that selects its own supply voltage by controlling
a programmable power supply.

In one embodiment, the present invention includes an
integrated circuit device that is used with a programma-
ble power supply. The programmable power supply
provides a supply voltage to the integrated circuit de-
vice according to one or more volitage control signals
generated by the integrated circuit device. The inte-
grated circuit device includes a voltage control circuit
for generating the voltage control signals according to
a predetermined operational voltage of the integrated
circuit device such that the supply voltage is substan-
tially equal to the predetermined operational voltage of
the integrated circuit. The integrated circuit device may
include an encoding apparatus for programmably se-
lecting the predetermined operational voltage.

In another embodiment, the present invention inte-
grated circuit device includes an apparatus that gener-
ates the voltage control signals according to one or
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more predetermined operational voltages of the inte-
grated circuit device and the temperature of the device.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of exam-
ple and not limitation in the figures of the accompany-
ing drawings in which like references indicate similar
elements.

FIG. 1 is a block diagram of an integrated circuit
device that controls a programmable power supply to
select its own supply voltage.

FIG. 1A is a block diagram of an integrated circuit
device having a nonvolatile memory for programming a
predetermined operational voltage of the integrated
circuit device.

FIG. 1B is a block diagram of an integrated circuit
device having programmable bond pads for program-
ming a predetermined operational voltage of the inte-
grated circuit device.

FIG. 1C is a block diagram of an integrated circuit
device that generates an analog voltage control signal
for controlling its own supply voltage.

FIG. 1D is a block diagram of a second integrated
circuit device that controls a power supply to select the
supply voltage of a first integrated circuit.

FIG. 2 is a block diagram of an integrated circuit
device that selects its own supply voltage according to
the characteristics and temperature of the integrated
circuit device.

FIG. 3 is a flowchart of a method for controlling a
programmable power supply to self-select the opera-
tional voltage of an integrated circuit device.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

An integrated circuit device that selects its own sup-
ply voltage by controlling a power supply is described.
In the following description, numerous specific details
such as integrated circuit types, power supply types,
and frequency, temperature, and voltage ranges, are set
forth in order to provide a thorough understanding of
the present invention. It will be apparent, however; to
one skilled in the art that the present invention may be
practiced without these specific details. In other in-
stances, well-known methods and circuits are shown in
block diagram form in order not to obscure the present
invention. It is understood that the present invention
may be comprised of transistor circuits that are readily
manufacturable using well-known CMOS (complemen-
tary metal-oxide semiconductor) technology, Bi-CMOS
(BipolarCMOS), or other semiconductor manufactur-
ing processes. Implementation of the present invention
in various types of integrated circuit devices, including
memories, processors, logic, etc., is within the scope
and spirit of the present invention.

Referring to FIG. 1, a block diagram of an integrated
circuit device that controls a programmable power
supply to self-select a supply voltage of the integrated
circuit device is shown. An integrated circuit device 10
generates one or more voltage control signals 14 to
select or control a supply voltage 16 provided by a
programmable power-supply 18 to integrated circuit
device 10. Integrated circuit’ device 10 controls the
programmable power supply 18 such that the supply
voltage 16 is substantially equal to a predetermined
operational voltage of integrated circuit device 10. In
other words, integrated circuit device 10 selects its own
supply voltage by controlling the programmable power
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supply 18. Integrated circuit device 10 may control the
supply voltage 16 in either an open-loop or closed-loop
manner. In one embodiment, integrated circuit device
10 selects the supply voltage 16 according to a predeter-
mined operational voltage of the device 10. In another
embodiment, integrated circuit device 10 selects the
supply voltage 16 based on a plurality of predetermined
operational voltages and the temperature of integrated
circuit device 10. In one embodiment, the predeter-
mined operational voltage(s) of the device 10 are pro-
grammed into circuit device 10. The voltage control
signals 14 may be analog, digital, or a combination of
analog and digital signals.

The programmable power supply 18 generates the
supply voltage 16 according to (or in response to) the
voltage control signals 14. The programmable power
supply 18 may respond to either analog, digital, or a
combination of analog and digital control signals. Pro-
grammable power supplies are well-known in the art.
Some suitable programmable power supplies are de-
scribed in U.S. Pat. No. 5,103,110 entitled Programma-
ble Power Supply, U.S. Pat. No. 4,893,228 entitled High-
Efficiency Programmable Power Supply, U.S. Pat. No.
4,679,130 entitled Programmable Power Supply, and U.S.
Pat. No. 4,335,445 entitled System for Interfacing Com-
puters with Programmable Power Supplies.

Integrated circuit device 10 may be any type of inte-
grated circuit device. An “Integrated Circuit Device” is
defined as an interconnection of circuit elements insepa-
rably associated on or within a continuous supporting
material known as a substrate. In a monolithic inte-
grated circuit device, the substrate is a thin block of
semiconductor material, usually silicon, in which circuit
elements are formed by the diffusion of specific impuri-
ties to yield the appropriate electrical characteristics. In
specific embodiments, integrated circuit device 10 may
include circuitry to implement such functions as a pro-
cessor, a memory, a state machine, digital logic, and
apalog circuits.

Each particular integrated circuit' device 10 is de-
signed to operate at one or more supply voltages, i.e.
predetermined operational voltage(s) of integrated cir--
cuit device 10, with some tolerance allowed. For exam-
ple, integrated circuit device 10 may be designed to
operate at a supply voltage of 5.040.25 volts. Inte-
grated circuit device 10 may also be designed to operate
at lower supply voltages, suchas 3.3 V,2.5V, 18V, 1.5
V, and 1.2 V, in order to help reduce power consump-
tion and optimize the performance of integrated circuit
device 10. The highest frequency, or highest speed, of
reliable operation of integrated circuit device 10 varies
with the supply voltage and the temperature of inte-
grated circuit device 10.

Integrated circuit device 10 includes an IC voltage
control circuit 12 for generating the voltage control
signal(s) 14. In one embodiment, the IC voltage control
circuit 12 generates the voltage control signals 14 ac-
cording to a predetermined operational voltage value
that is encoded or programmed into integrated circuit
device 10. For example, in the embodiment of FIG. 1A,
the IC voltage control circuit 12 includes a non-volatile
memory 20 that may be programmed with a value cor-
responding to a predetermined operational voltage of
integrated circuit device 10. The non-volatile memory
20 may comprise ROM, EPROM, EEPROM, FLASH,
or other types of non-volatile memory. For example, a
three bit non-volatile memory could be used to program
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up to eight different predetermined operational voltage
values such:as those shown below in Table 2.

TABLE 2
predetermined
operational voltage programmed value

+5.0 000
—5.0 001
12.0 010

33 011

2.5 100

1.8 101

1.5 110

1.2 111

The predetermined operational voltage of a particu-
lar device may be selected based on the particular man-
ufacturing process used, the intended use of the device,
the performance characteristics of the device, or other
considerations. The predetermined operational voltage
may be programmed or encoded into the device either
during manufacturing or after final testing of the device.
For example, a ROM programming apparatus would be
programmed during manufacturing, an EPROM or
EEPROM programming apparatus could be pro-
grammed after final production testing of the device,
and a bond-out programming apparatus would be pro-
grammed after final test during the packaging of the
device.

In the embodiment of FIG. 1B, the IC voltage con-
trol circuit 12 includes bond pads 24 that can be pro-
grammed to either ground 26 or left floating to select
the predetermined operational voltage. In other em-
bodiments, other types of circuits may be used to pro-
gram one or more predetermined operational voltage(s)
of integrated circuit device 10.

In one embodiment, the voltage control signals 14 are
digital signals. In an open-loop design, the programma-
ble power supply 18 supplies a corresponding supply
voltage value for each value presented by the digital
voltage control signals. For example, when operated
with the values of Table 2 above the power supply 18 is
programmed to generate a supply voltage 16 of +5.0,
—5.0, 12.0, 3.3, 2.5, 1.8, 1.5, and 1.2 volts in response to
digital combinations of 000 through 111, respectively,
of the voltage control signals 14. In a closed-loop de-
sign,. one or more digital signals are used to incremen-
tally increase or decrease the supply voltage such that
the supply voltage is substantially equal to the predeter-
mined operational voltage. For example, in one embodi-
ment increase and decrease signals are generated to
cause the power supply to incrementally increase or
decrease, respectively, the supply voltage. Alterna-
tively, a single digital signal may be used to cause the
supply voltage to increase when in one state and de-
crease when in another state.

FIG. 1C illustrates an embodiment of integrated cir-
cuit device 10 where the voltage control signal 14 is an
analog signal that may be generated in either an open-
loop or closed-loop manner. IC voltage control circuit
12 includes an analog voltage generator 30 for generat-
ing the analog control signal 14 according to the prede-
termined operational voltage of device 10. Circuits for
generating analog voltages are well-known in the art.
For example, digital-to-analog converters and band-gap
circuits are commonly used to provide selectable analog
voltages. U.S. Pat. No. 5,166,562 entitled Writable Ana-
log Reference Voltage Storage Device describes a circuit
for generating N analog voltages by controlling the
charge on N floating gate devices which are coupled to
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follower amplifier circuits. In one embodiment, the
analog control signal 14 is generated a fixed amount of
voltage lower than the predetermined operational volt-
age of integrated circuit device 10. In this embodiment,
the programmable power supply 18 provides the supply
voltage 16 substantially the fixed amount larger than the
control voltage 14 such that the supply voltage 16 is
substantially equal to the predetermined operational
voltage. The fixed amount of voltage may be set to a
minimum operational voltage of the IC voltage control
circuitry 12 such that upon power-up the programma-
ble power supply 18 immediately supplies enough volt-
age to allow the IC voltage control circuit 12 to begin
operationally (or reliably) controliing the supply volt-
age 16. In another embodiment, the analog control volt-
age 14 is substantially equal to the predetermined opera-
tional voltage and the power supply 18 supplies a sup-
ply voltage 16 substantially equal to the control voltage
14.

FIG. 1D is a block diagram of an embodiment where
the IC voltage control circuit 12 is part of a separate
integrated circuit 11. In some cases, the process for
manufacturing device 10 may not be optimal for manu-
facturing the IC voltage control circuit 12, such as
where the integrated circuit device 10 is a digital device
but the voltage control signals are analog. In this case,
the IC voltage control circuit 12 may be manufactured
on a separate integrated circuit 11 using a suitable semi-
conductor manufacturing process.

FIG. 2 is a block diagram of an embodiment where
integrated circuit device 10 selects the supply voltage
16 based on a plurality of predetermined operational
voltages and the temperature of integrated circuit de-
vice 10. This embodiment helps to increase integrated
circuit performance by avoiding speed-limiting vol-
tage/temperature combinations. In this embodiment,
the IC voltage control circuit 12 includes an IC temper-
ature sensor circuit 32, a device characteristics map 34,
a voltage sensor circuit 36, and a voltage control signal
generator 38. The IC voltage control circuit 12 gener-
ates the voltage control signals 14 and, in addition, a
slow IC signal 40 and a stop IC signal 42 to slow or stop
operation, respectively, of IC logic 44 when the temper-
ature or voltage of device 10 is in or near an inoperable
or destructive range. For example, the slow and stop IC
signals can be asserted to prevent device damage when
the temperature or supply voltage of device 10 are too
high.

The IC temperature sensor 32 senses the temperature
of the device 10 and indicates that temperature to the
device characteristics map 34. The IC temperature sen-
sor 32 may comprise well-known circuits for indicating
temperature, such as a temperature sensing diode cir-
cuit. One such circuit for measuring the temperature of
an integrated circuit device is described in U.S. Pat. No.
4,924,112 entitled Microprocessor Having High Current
Drive and Feedback for Temperature Control. The IC
temperature sensor 32 generates either a current or
voltage that is proportional to the temperature of inte-
grated circuit device 10 which is then converted to a
digital value for indexing or addressing the device char-
acteristics map 34.

The device characteristics map 34 stores predeter-
mined operational characteristics of integrated circuit
device 10. The device characteristics map 34 may com-
prise a non-volatile memory or other suitable means for
storing the characteristics of integrated circuit device
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10. In one embodiment, the device characteristics map
34 stores a plurality of predetermined operational volt-
age values that respectively correspond to a plurality of
temperature ranges at which integrated circuit device
10 may be operated. The predetermined operational
voltages may be chosen to optimize the high speed or
high frequency performance of integrated circuit de-
vice 10 at a given temperature. For example, in a partic-
ular integrated circuit device 10 whose standard opera-
tional voltage is 3.3 volts, the device characteristics map
34 may store the predetermined operational voltages
values shown in Table 3 corresponding to the indicated
temperature ranges.

TABLE 3
0-20° C. 30V 40-50° C. 33V
10-20° C. 31V 50-60° C. 34V
20-30° C. 32V 60-70° C. 35V
30-40° C. 32V 70-80° C. 36V

Using higher predetermined operational voltages at
higher temperatures helps to overcome the speed-limit-
ing effect of high temperature on integrated circuit
performance.

The predetermined operational voltages may be pro-
grammed into the device characteristics map 34 either
as part of the manufacturing process (such as where the
map 34 comprises ROM memory cells) or during final
testing of the integrated circuit device (such as where
the map 34 comprises EPROM, EEPROM, or FLASH
memory cells). One advantage of programming after
final test is that the predetermined operational voltages
can be selected to optimize the speed of the particular
device. For example, if during final testing a particular
device were determined to run slow at low voltage and
high temperature the corresponding predetermined
operational voltage could be set high to improve perfor-
mance at that temperature.

In response to the digital temperature value gener-
ated by the IC temperature sensor 32, device character-
istics map 34 provides the corresponding predetermined
operational voltage value to the voltage control signal
generator 38. The voltage control signal generator 38
generates the voltage control signals 14 according to
the predetermined operational voltage value indicated
by map 34.

In a closed-loop design, the voltage control signal
generator 38 also receives the supply voltage 16 as a
feedback signal, and adjusts, or fine tunes, the voltage
control signals according to the actual supply voltage
16 sensed. Thus, a closed-loop design provides an accu-
rate supply voltage 16. .

The voltage sensor 36 receives the supply voltage 16
and generates signals that indicate whether the supply
voltage 16 is either in or near an inoperable or destruc-
tive range. The voltage control signal generator 38
receives the voltage range signals from voltage sensor
36 and the temperature indication from temperature
sensor 32 and generates the slow IC 40 and stop IC 42
signals accordingly.

Referring now to FIG. 3, a block diagram of a
method for self-selecting the supply voltage of an inte-
grated circuit device is shown. The method begins in
step 50 by providing a programmable power supply that
generates a supply voltage in response to one or more
voltage control signals. Step 52 provides an integrated
circuit device that operates in response to the supply
voltage. The integrated circuit device is programmed
with one or more predetermined operational voltages.
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For example, a single predetermined operational volt-
age may indicate that the device requires a specific
supply voltage, such as 5.0 or 3.3 volts. A plurality of
predetermined operational voltages may represent opti-
mized supply voltages for various temperature ranges
of the device.

Step 54 determines the temperature of the integrated
circuit device. In one embodiment, an integrated circuit
temperature sensor measures the temperature of the
device and generates a representative digital value.

Step 56 selects one of the predetermined operational
voltages stored in the device. In one embodiment, the
selection is based on the temperature of the device such
that an optimized operational voltage for the measured
device temperature is selected. Alternatively, this selec-
tion may be based on other factors including as the
particular manufacturing characteristics or the intended
application of the device.

In step 58, the integrated circuit device generates the
voltage control signals according to the selected prede-
termined operational voltage such that the supply volt-
age is substantially equal to the selected predetermined
operational voltage. In this manner, the device selects
its own supply voltage.

In step 60, the supply voltage is generated by the
programmable power supply according to the voltage
control signals.

Thus, an integrated circuit device that selects its own
supply voltage by controlling a power supply has been
described. A method for self-selecting the supply volt-
age of an integrated circuit device has also been de-
scribed. .

In the foregoing specification, the invention has been
described with reference to specific exemplary embodi-
ments thereof. It will, however, be evident that various
modifications and changes may be made thereto with-
out departing from the broader spirit and scope of the
invention as set forth in the appended claims. The speci-
fication and drawings are, accordingly, to be regarded
in an illustrative rather than a restrictive sense.

What is claimed is: :

1. An integrated circuit device for use with a pro-
grammable power supply providing a supply voltage to
the integrated circuit device according to at least one
voltage control signal, the integrated circuit device
comprising:

a temperature sensing circuit providing a temperature
signal which corresponds to a current temperature
of the integrated circuit device;

a voltage map circuit coupled to the temperature
sensing circuit, the voltage mad. circuit storing a
plurality of values representing operational volt-
ages predetermined for a corresponding plurality
of temperature ranges of the integrated circuit
device, the voltage mad circuit providing an output
value in response to the temperature signal,
wherein the output value represents an operational
voltage appropriate for the current temperature of
the integrated circuit device; and

a voltage control circuit coupled to the voltage map
circuit, the voltage control circuit generating the at
least one voltage control signal in response to the
output value such that the supply voltage is sub-
stantially equal to the operational voltage.

2. The integrated circuit device of claim 1 wherein

the at least one voltage control sigpal is analog.
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3. The integrated circuit device of claim 1 wherein

the at least one voltage control signal is digital.

4. The integrated circuit device of claim 1 further

comprising:

internal logic powered from the supply voltage;

a voltage sensor coupled to the programmable power
supply, the voltage sensor generating at least one
voltage range signal when the supply voltage is
within an excessive supply voltage range; and

wherein the voltage control circuit is coupled to the

voltage sensor and further outputs a slow/stop.

signal in response to the at least one voltage range

signal, the slow/stop signal being coupled to the

internal logic to slow or stop operation of the inter-
nal logic.

S. An apparatus comprising:

a programmable power supply providing a supply
voltage according to a plurality of voltage control
signals;

an integrated circuit (IC) which includes internal
logic powered by the supply voltage, the IC fur-
ther including a sensor providing a temperature
signal which corresponds to a current temperature
of the IC; a memory storing a plurality of opera-

5

10

15

20

25

30

33

45

50

55

65

10

10
tional voltage values, the memory outputting an
operational voltage value which corresponds to
the current temperature in response to the tempera-
ture signal; and a control signal generator which
generates the plurality of voltage control signals in
response to the operational voltage value such that
the supply voltage corresponds to the operational
~ voltage value.
6. The apparatus of claim 5 wherein the IC further

comprises:

a voltage sensor coupled to the programmable power
supply, the voltage sensor generating a voltage
range signal when the supply voltage is within an
excessive supply voltage range; and

wherein the Control signal generator is coupled to-
the voltage sensor and further provides a slow/-
stop signal in response to the voltage range signal,
the slow/stop signal being coupled to the internal
logic to slow or stop the operation of the internal
logic.

7. The apparatus of claim 6 wherein the memory

comprises a non-volatile memory device.
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