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(57) ABSTRACT

The number of power-gating transistors on an integrated cir-
cuit used for power reduction in a sleep mode is controlled
during a wake state to adjust the current flow and hence
voltage drop across the power-gating transistors as a function
of'aging of these transistors and/or a function of temperature
of'the integrated circuit. In this way, the supply voltage to the
integrated circuit may be better tailored to minimize current
leakage when the integrated circuit is young or operating at
low temperatures.
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1
LEAKAGE POWER MANAGEMENT USING
PROGRAMMABLE POWER GATING
TRANSISTORS AND ON-CHIP AGING AND
TEMPERATURE TRACKING CIRCUIT

BACKGROUND OF THE INVENTION

The present invention relates to architectures for integrated
circuits and in particular to a method and apparatus for man-
aging transistor leakage currents in high-density integrated
circuits such as microprocessors and the like.

Managing the power consumption of integrated circuits
such as microprocessors is important for the purposes of
energy conservation, providing improved battery life for por-
table devices, and reducing problems of device cooling.

One method of reducing power consumption is to place the
integrated circuit in a “sleep state” when its full capabilities
are not required. The sleep state may be implemented through
a set of power gating transistors placed between the input
power terminal (VDD) of the integrated circuit and an effec-
tive power terminal (VVDD) of the of the integrated circuitry
that will be shut down to conserve power. A sleep/wake signal
(generated externally or internally) turns these power gating
transistors off or on.

Normally, the power gating transistors are implemented as
multiple transistors connected in parallel in order to provide
sufficient current flow for the anticipated maximum current
consumption of the integrated circuit with a low voltage drop.

SUMMARY OF THE INVENTION

The present inventor has recognized that substantial power
is wasted because of the need to oversize the power gating
transistors for worst-case power consumption of the inte-
grated circuit and anticipated weakening of the power gating
transistors over time. This power is not wasted in the power
gating transistors themselves so much as in the effects of the
oversized power gating transistors on leakage currents in the
remaining circuitry being controlled. Two mechanisms are at
work.

First, the power gating transistors must be sized to accom-
modate high leakage currents when the circuit is at high
operating temperatures. Because such power gating transis-
tors approximate constant current sources, as the temperature
of the integrated circuit drops and leakage current would be
expected to decrease, the constant current operation of the
power gating transistors increases the voltage on the inte-
grated circuit, undoing some of the expected drop in leakage
current, and thereby decreasing the possible power savings
when the integrated circuit is operating at lower temperatures.

Second, the power gating transistors must be sized to
accommodate their decreased current output over time (as a
result of negative bias temperature instability). As a result, the
integrated circuit operates at higher voltages than necessary
during the first few years of operation with a corresponding
increase in current leakage of the controlled circuitry.

Generally, the present invention addresses these problems
by changing the number of active power gating transistors as
a function of usage-time and temperature to decrease leakage
current when the power gating transistors are in the on or
wake state.

One embodiment of the invention provides an integrated
circuit having an input terminal receiving electrical power for
the integrated circuit. Multiple power gating transistors are
connected in parallel between the input terminal and inte-
grated circuitry implementing a function of the integrated
circuit, the power gating transistors selectively controlling
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power to the integrated circuitry according to a sleep/wake
signal used for power conservation. A transistor aging detec-
tor generates a signal reflecting an aging of the power gating
transistors, the signal controlling the power gating transistors
to compensate for a decrease in power gating transistor cur-
rent flow as a function of transistor control voltage as the
power gating transistors age. As used herein, “aging” refers to
use-induced degradation in current flow through the on state
transistor.

It is thus a feature of at least one embodiment of the inven-
tion to decrease unnecessary leakage current early in the life
of an integrated circuit by avoiding the need to oversize the
power gating transistors in order to accommodate end-of-life-
cycle degradation in these transistors.

The power gating transistors may have different control
inputs connected to the sleep/wake signal and the transistor
aging detector may increase the number of control inputs
connected to the sleep/wake signal as the power gating tran-
sistors age.

It is thus a feature of at least one embodiment of the inven-
tion to provide a method of controlling voltage drop employ-
ing digital switching techniques readily implemented on an
integrated circuit.

The power gating transistors may provide different effec-
tive conductive widths. For example, the different effective
conductive widths of the transistor groups may follow an
exponentially increasing relationship.

It is thus a feature of at least one embodiment of the inven-
tion to permit fine resolution control of circuit voltage by
switching different combinations of transistors on and off, not
simply changing the total number of transistors switched on.

The transistor aging detector may provide two similar cir-
cuits, one operating when at least some power gating transis-
tors are turned on according to the sleep/wake signal. The
transistor aging detector compares performance of the two
similar circuits to detect transistor aging.

It is thus a feature of at least one embodiment of the inven-
tion to provide a method of determining aging over the span
of many years under the assumption that there will be varia-
tion in transistor aging among different devices. By compar-
ing two actual circuits (as opposed, for example, to using a
timer) a closer approximation of age-related transistor deg-
radation may be obtained.

The second circuit may operate only during a periodic
predetermined time interval when the transistor aging detec-
tor is making a measurement of transistor aging, the periodic
predetermined time interval averaging less than an average
time when the power gating transistors are on.

It is thus a feature of at least one embodiment of the inven-
tion to provide a benchmark circuit that approximates tran-
sistor performance free of aging.

The two similar circuits may be oscillators responsive to
transistor switching speed.

It is thus a feature of at least one embodiment of the inven-
tion to provide a simple method of detecting the aging process
as is reflected in the speed of oscillator.

The oscillators may be chains of at least ten series con-
nected inverters.

It is thus a feature of at least one embodiment of the inven-
tion to provide a structure that may provide a desired sensi-
tivity to aging simply by the addition of simple inverter cir-
cuits.

The transistor aging detector may include a counter to
count cycles of each of'the oscillators for a period of time and
use a difference between counted cycles of each oscillator as
a measure of transistor aging.
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It is thus a feature of at least one embodiment of the inven-
tion to provide a simple quantification of the aging process
using a counter counting oscillations.

At least one of the oscillators may include switchably
connected tuning elements allowing adjustment of a fre-
quency of the oscillator at a given aging of the power gating
transistors.

It is thus a feature of at least one embodiment of the inven-
tion to permit “tuning” of the oscillator to a particular fre-
quency to eliminate the effect of process induced variations
on accuracy of the aging detection.

The circuit of the transistor aging detector may include
transistors positioned proximate to the power gating transis-
tors and of comparable architecture to the power gating tran-
sistors.

It is thus a feature of at least one embodiment of the inven-
tion to provide similar thermal environments and structures
for the power gating transistors and the aging detector for
accurate aging assessment.

The integrated circuit may be a synchronous circuit coor-
dinating operation of different components according to a
clock signal.

It is thus a feature of at least one embodiment of the inven-
tion to provide reduced power consumption in clocked cir-
cuits that are highly sensitive to minimum voltage.

An alternative or additional embodiment of the invention
may provide a temperature detector detecting an operating
temperature of the integrated circuitry for controllably
decreasing the current flow through the power gating transis-
tors as the temperature of the integrated circuitry decreases.

It is thus a feature of at least one embodiment of the inven-
tion to fully realize the power savings expected for low tem-
perature operation by reducing an increase in the operating
voltage of the circuitry as would ordinarily occur under
decreased current demand using a power source providing
constant current operation.

The temperature detector may provide at least one oscilla-
tor having a frequency which is temperature sensitive and
may compare this frequency to a frequency ofa second oscil-
lator having a different temperature sensitivity.

It is thus a feature of at least one embodiment of the inven-
tion to provide a simple temperature sensor employing stan-
dard circuit elements.

The second oscillator may be an external clock signal.

It is thus a feature of at least one embodiment of the inven-
tion to exploit the external clock source (often a crystal oscil-
lator) to provide for the desired different temperature sensi-
tivities in the two oscillators.

The second oscillator may be a ring oscillator of at least ten
series connected inverters.

It is thus a feature of at least one embodiment of the inven-
tion to provide a circuit that may be easily adjusted in sensi-
tivity by adding inverter elements.

The inverters may be current starved inverters providing
reduced sensitivity to operating voltage and the current
starved inverters may be attached to electrical power
unswitched by the power gating transistors.

It is thus a feature of at least one embodiment of the inven-
tion to provide temperature sensing with reduced sensitivity
to supply voltage.

The temperature detector may include a counter to count
cycles of each of the oscillators for a period of time and may
use a difference between counted cycles of each oscillator as
a measure of temperature.

It is thus a feature of at least one embodiment of the inven-
tion to provide a simple method of quantifying a temperature
signal for control of the power gating transistors.
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The first oscillator may include switchably connected tun-
ing elements allowing adjustment of a frequency of the oscil-
lator at a given temperature of the power gating transistors.

It is thus a feature of at least one embodiment of the inven-
tion to permit accurate temperature tuning of the device
despite process variations.

These particular features and advantages may apply to only
some embodiments falling within the claims and thus do not
define the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1 is a simplified block diagram of an integrated circuit
showing power gating transistors controlling power to other
circuit elements and blocks providing aging and temperature-
based control elements for controlling the power gating tran-
sistors when in the wake state;

FIG. 2 is a schematic diagram of the power gating transis-
tors of FIG. 1 having individual control inputs controlled by
control registers;

FIG. 3 is a schematic diagram of the age-based control
elements of FIG. 1 with a detail of one inverter of that control
element; and

FIG. 4 is a schematic diagram of the temperature-based
control element of FIG. 1 with a detail of one inverter of that
circuit.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to FIG. 1, an integrated circuit 10 may
provide a substrate 12 having application circuitry 14 imple-
menting the primary function of the integrated circuit 10. The
application circuitry 14 may be, for example, microprocessor
circuitry, digital signal processing circuitry, FPGA circuitry
and the like and typically communicates with other devices
and components via one or more input/output lines 15. The
application circuitry 14 may be constructed on the substrate
12 according to standard lithography techniques and include
components such as resistors, capacitors, and transistors
including but not limited to PMOS and NMOS type transistor
devices.

The integrated circuit 10 may receive external power sup-
plies 16 (V) and 18 (V,5,). The power supply 16 may
provide, for example, power to the application circuitry 14
while the power supply 18 may provide an analog reference
voltage, for example, to a phase lock loop 20 used to synthe-
size clock signals on the integrated circuit 10.

Power supply 16 may be received by power-gating transis-
tor array 22 of a type known in the art providing switched
current control to at least portions of the application circuitry
14 according to a sleep/wake signal (not shown in FIG. 1) that
may be generated externally or internally by the application
circuitry 14 and according to values of control register 23
controlling individual or groups of the transistors of the
power-gating transistor array 22.

The output of the power-gating transistor array 22 provides
an internal voltage source 24 (VV ) that provides power to
the switched portions of the application circuitry 14. It will be
understood therefore that the sleep/wake signal may be used
to turn VV,, on or off to conserve power. Because the tran-
sistors of the power-gating transistor array 22 are generally
integrated on the substrate 12 they may respond more rapidly
than an external voltage regulator.

The integrated circuit 10 may further receive a clock signal
from an external system clock 26, for example, at the phase
lock loop 20, the latter which may synthesize different clock



US 8,736,314 B2

5

frequencies used to synchronize operation ofall or portions of
the application circuitry 14. Generally, the external clock
signal is provided by a high accuracy crystal oscillator or the
like that is relatively temperature insensitive. In any case the
external clock signal is generally thermally separate from
circuitry on the substrate 12 of the integrated circuit 10.

In addition to the application circuitry 14 and the power-
gating transistor array 22, the present invention provides tran-
sistor-aging-compensation circuit 30. The transistor-aging-
compensation circuit 30 communicates with the power-
gating transistor array 22 through control registers 23 as will
be described and also optionally communicates with applica-
tion circuitry 14 for various timing signals. As will be
described below, the transistor-aging-compensation circuit
30 provides a signal reflecting aging of the transistors of the
power-gating transistor array 22 for controlling the transistors
of the power-gating transistor array 22 in accordance with
that signal.

In addition the present invention provides a temperature-
compensation circuit 32 also communicating with the tran-
sistors of the power-gating transistor array 22 through their
control registers and optionally communicating with the
application circuitry 14 for various timing signals. As will be
discussed below, the temperature-compensation circuit 32
provides a signal indicating a temperature of the application
circuitry 14 and controlling the transistors of the power-gat-
ing transistor array 22 in accordance with that signal.

Referring now to FIG. 2, the power-gating transistor array
22 may provide multiple transistors 34 acting as switches
with the sources and drains of transistors 34 connected in
parallel between V,, and VV .

Each of the transistors 34 may have a gate connected via a
buffer 36 to dual-input NAND gate 38 having one input
shared among all NAND gates 38 and connected to the sleep/
wake signal 40. In this manner, the sleep/wake signal 40 may
be used to turn off all of the transistors 34 (through a logical
false value) when the application circuitry 14 goes into sleep
mode.

The other input of each NAND gate 38 connects to difter-
ent bits 42 of a control register 23a or 235 so that individual
transistors 34 may be controlled by single bits in the control
registers 23a or 23b. As will be discussed below, the bits of the
control register 23a and 235 may be set and reset by the
temperature-compensation circuit 32 and transistor-aging-
compensation circuit 30, respectively, as will be described.

Transistors 34 approximate voltage controlled current
sources and, therefore, the voltage drop across the transistors
34 (for a given current load by the application circuitry 14)
may be controlled by changing the number of transistors 34
that are switched on and the number switches that are
switched off via bits of the control registers 23. In this way,
the voltage VV ,, applied to each of the application circuitry
14 may be separately controlled through the transistor-aging-
compensation circuit 30 and temperature-compensation cir-
cuit 32 by adjusting the settings of the register 23.

While each of the transistors 34 may have an equal weight-
ing with respect to determining the voltage drop across the
switches, in a preferred embodiment, the effective conductive
widths of the transistors 34 are varied, for example, in an
exponential fashion (e.g., by powers of two) so that a larger
number of different discrete voltage levels may be obtained.
In this latter scheme, for example, eight transistors controlled
by eight bits 42 can obtain 256 different currents and hence
voltage drop levels.

In one embodiment of the present invention the transistors
34 may be separated into a first and second group 44 and 46
each associated with a different one of the registers 23a and
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23b with the first group 44 being controlled by the tempera-
ture-compensation circuit 32 and the second group being
controlled by the transistor-aging-compensation circuit 30.

Referring now to FIG. 3, as noted, the transistor-aging-
compensation circuit 30 may control the configuration regis-
ter 235 s0 as to generally increase the number of transistors 34
turned on during the wake mode as the switching transistors
34 age. Generally, this aging decreases the current flow
through each transistor 34 for a given gate voltage, increasing
the voltage drop across the power-gating transistor array 22
for a given current load. By being able to change the number
of transistors 34 turned on as a function of age, fewer transis-
tors may be turned on during the early life of the integrated
circuit 10. This has the result of decreasing the value of VV
early in the life of the integrated circuit and therefore of
decreasing the leakage current and thus its power consump-
tion of the application circuitry 14. Without the transistor-
aging-compensation circuit 30, a constant number of transis-
tors 34 would have to be turned on during the wake cycle
resulting in excess VV , early in the life of the device.

Referring now to FIG. 3, the transistor-aging-compensa-
tion circuit 30 may provide two circuits 50 and 52 which
generally will be affected by aging in the same manner as the
transistors 34. Circuit 50 will be activated whenever the tran-
sistors 34 are on in the wake state and thus will generally age
with those transistors 34. Circuit 52, which may otherwise be
substantially identical circuit 50, will be turned on only
briefly when a test of aging needs to be performed. This
period of time is minimized so as to substantially represent an
un-aged circuit. The operation of two circuits is then com-
pared to provide an age signal reflecting aging of the switch-
ing transistors 34 with use. The periodic activation of circuits
50 and 52 may be performed by separate timer structure or by
the the application circuitry 14.

Inone embodiment, circuits 50 and 52 may be composed of
ring oscillators formed from inverters 56 connected in a ring
with the output of one inverter connected to the input of the
next inverter in the ring. As is understood in the art, an odd
number of inverters connected in a ring will produce an oscil-
lating signal whose frequency is proportional largely to the
switching speed of the inverters 56. In one embodiment one-
hundred and five inverters 56 are used to provide the desired
sensitivity to aging.

Enable lines 58 for the circuit 50 are activated during the
wake state indicated by the sleep/wake signal 40 and when an
aging test signal 60 is periodically produced by a timer 63 or
the like. In contrast the enable line 58 of the circuit 52 is
activated only by the aging test signal 60.

When the transistors 34 of the power-gating transistor
array 22 are activated, the circuit 50 will oscillate. The output
of'the circuit 50 is received by a first counter 64, but the count
value of this counter 64 is ignored at this time.

When the aging test signal 60 is activated both circuits 50
and 52 begin oscillating. Circuit 52 provides a flip-flop 66 that
is clocked by a first output from the oscillator of the circuit 52
to sample the enable lines 58 of the circuit 52. The resulting
output of the flip-flop 62 is used to reset first counter 64 and
second counter 68, the latter receiving the output from the
oscillator of circuit 52. When second counter 68 saturates
(without overflowing), a saturation output connected to first
counter 64 causes first counter 64 to stop its counting.

Generally, the oscillator of circuit 52 will be faster than the
oscillator circuit 50 because it has experienced less aging.
Accordingly the value in second counter 68 will be larger than
the value in counter 64 when both counters stop. The output of
both counters are provided to a comparator 70 whose differ-
ence may be used to provide data to the configuration register
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23b. This comparison process is also triggered by the satura-
tion output of second counter 68.

The difference value from the comparator 70 provides an
aging signal. Generally, as indicated above, when the differ-
ence between the output of counter 68 and 64 is larger, such as
indicates a greater aging of transistors 34, the aging signal
will load a higher value into the configuration register which
will result in greater number of transistors 34 being activated.
This process may simply map the difference from comparator
70 to the configuration register 236 as scaled or offset by
simple arithmetic operations. Preferably, the mapping of the
output of comparator 70 is calibrated so that less than all of
the transistors 34 in group 46 are turned on at the beginning of
operation of the integrated circuit 10 and after approximately
seven years or some other suitable predetermined lifetime all
of the available transistors 34 in group 46 will be turned on.
This calibration factor can be made according to a value in a
one-time programmable register (not shown) that may be set
at the time of manufacture.

Referring still to FIG. 3, each of the inverters 56 may be
constructed so that its inverter output transistors 72 are both
turned off when the enable line 58 is low and the switching
transistors 34 are oft and the aging test is not being performed.
These output transistors 72 are the principal determinant of
the speed of the oscillators of circuits 50 and 52. The output of
the inverter 56 may be loaded with one or more capacitors 74
activated by switches 76 controlled by a one-time program-
mable register (fuses) so as to match the frequency of both
circuits 50 and 52 at the manufacture date of the integrated
circuit 10. It will be understood that these capacitors 74
operate to effectively slow the rise time of the output of the
inverter 56. The capacitors 74 may be arranged to have mag-
nitudes that are exponentially related (for example in powers
of'two) to provide for many different capacitance values with
different combinations of switching according to a binary
sequence. Thus three capacitors shown can provide 2° differ-
ent capacitance values for fine control.

Both of the circuits 50 and 52 are placed near each other so
as to track any thermal effects and ideally placed near the
switching transistors 34 for the same reason.

Referring now to FIG. 4, the temperature-compensation
circuit 32 may also provide a ring oscillator 80 comprised of
inverters 82 connected input to output in a ring. The ring
oscillator 80 provides a clock signal to a first counter 84. In
one embodiment thirty-three inverters 82 are used.

A temperature test signal 86, which may be periodically
generated by a counter 88, resets then enables both the
counter 84 connected to the oscillator 80 and a second counter
90. The second counter 90 receives a clock signal derived
from the system clock 26 (typically through the phase lock
loop 20) and thus operates at a counting frequency that is
largely unrelated to the temperature of the application cir-
cuitry 14. In contrast the oscillator 80 is placed near the
application circuitry 14 to be influenced by the latter’s tem-
perature.

As before, when counter 90 saturates (without overflow-
ing), its saturation output is connected to counter 84 to stop
counter 84, and connected to comparison circuit 92 to cause a
comparison circuit 92 to read the output of counter 84 and
compare it with a stored value 94 representing, for example,
an unexpected counter value for counter 84 (for the time of
counting determined by counter 90) when the application
circuitry 14 is operating at 100° C. A comparison between the
counter value for counter 84 and the stored value 94 is
mapped (with suitable offset and scaling) to the configuration
register 23a to control transistors 34 in group 44.
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Ideally, the comparison circuit 92 is calibrated to decrease
the number of switching transistors 34 that turn on during the
wake state (indicated by the sleep/wake signal 40) as the
temperature of the application circuitry 14 falls (and the oscil-
lator 80 runs slower). In this way, the decreased current load
presented by cooler application circuitry 14 does not cause an
increase in the supply voltage VV ,, delivered to the power
transistors 34 as would otherwise occur as a result of their
substantially constant current outputs. The calibration of the
comparison circuit 92 may be set at the time of manufacture,
for example, using a one-time programmable register.

In order to make the inverters less sensitive to voltage
fluctuations in V5, the temperature-compensation circuit 32
may be powered from the analog power supply 18 described
above. Power supply 18 tends to be de-correlated from the
principal power consumption of the application circuitry 14.
Nevertheless, the principal features of the present invention
may be implemented with a single power supply 16.

In addition, the design of the inverters 82 may be current
starved by means of bias circuit 100 controlling the current
through throttling transistors 102 and 104 that flank the out-
put transistors 72 of the inverter. As described above with
respect to the circuit of FIG. 4, capacitors 106 may be
switched by switches 108 controlled by a programmable reg-
ister (not shown) to shunt the output of the inverters 82
thereby permitting adjustment of the tuning of the oscillator
80 to a particular frequency at a particular temperature. The
current starved design is described, for example, in C-K Kim
et al. “CMOS temperature sensor with ring oscillator for
mobile DRAM self-refresh control”, Microelectronics Jour-
nal, vol. 38, pp. 1042-1049, October 2007, hereby incorpo-
rated by reference.

It will be recognized that, in an alternative embodiment,
one or both of the sensing of transistor aging or temperature
may be done by monitoring the value of VV,, to detect
changes in voltages reflecting aging of the power gating tran-
sistors and/or changes in operating temperature of the inte-
grated circuit. Such monitoring may be used to stabilize the
value of VV,, to prevent the undesired additional leakage
currents addressed by the present invention. This monitoring
will monitor a filtered version of VV ,, to remove high fre-
quency AC components of the VV ,, signal using techniques
well known in the art, to eliminate the influence of short-term
power fluctuations. This approach has some drawbacks with
respect to the above described embodiments including the
difficulties of providing on-chip voltage sensors and accurate
voltage references and the fact that VV ,, fluctuates rapidly
and thus temperature or transistor aging detection requires a
filtering mechanism to provide an accurate reading and long
term statistics. In addition VV,, varies across the substrate
which would require multiple sensors.

It is specifically intended that the present invention not be
limited to the embodiments and illustrations contained herein
and the claims should be understood to include modified
forms of those embodiments, including portions of the
embodiments and combinations of elements of different
embodiments as come within the scope of the following
claims.

I claim:

1. An integrated circuit comprising:

an input terminal receiving an electrical power supply for
the integrated circuit, the electrical power supply pro-
viding electrical power not adapted to convey data;

integrated circuitry including multiple transistors imple-
menting a function of the integrated circuit, wherein the
integrated circuitry is adapted to communicate electrical
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signals conveying data externally from the integrated
circuit via one or more input/output signal lines;

multiple power-gating transistors connected in parallel
between the input terminal and an effective power ter-
minal of the integrated circuitry for controlling an inter-
nal voltage source delivering power to the integrated
circuitry that is not adapted to convey data according to
a sleep/wake signal used for power conservation,
wherein the power-gating transistors provide power for
the integrated circuitry when in the wake state, and
wherein the effective power terminal comprises a com-
mon connection of multiple non-gate transistor termi-
nals of the integrated circuitry; and

atransistor-aging detector generating a signal reflecting an

aging of the power-gating transistors, the signal control-
ling the power-gating transistors to compensate for a
decrease in power-gating transistor current flow as a
function of transistor control voltage as the power-gat-
ing transistors age.

2. The integrated circuit of claim 1 wherein the power-
gating transistors have different control inputs connected to
the sleep/wake signal and the transistor-aging detector
increases a number of control inputs connected to the sleep/
wake signal as the power-gating transistors age.

3. The integrated circuit of claim 2 wherein the power-
gating transistors having different control inputs providing
different effective conductive widths.

4. The integrated circuit of claim 3 wherein the different
effective conductive widths follow an exponentially increas-
ing relationship.

5. The integrated circuit of claim 1 wherein the transistor-
aging detector provides two similar circuits, one operating
when at least some power-gating transistors are turned on
according to the sleep/wake signal, wherein the transistor-
aging detector compares performance of the two similar cir-
cuits to detect transistor aging.

6. The integrated circuit of claim 5 wherein the second
circuit operates only during a periodic predetermined time
interval when the transistor-aging detector is making a mea-
surement of transistor aging, the periodic predetermined time
interval averaging less than an average time when the power-
gating transistors are on.

7. The integrated circuit of claim 5 wherein the two similar
circuits are oscillators responsive to transistor switching
speed.

8. The integrated circuit of claim 7 wherein the oscillators
are chains of at least ten series-connected inverters.

9. The integrated circuit of claim 7 wherein the transistor-
aging detector includes a counter to count cycles of each of
the oscillators for a period of time and uses a difference
between counted cycles of each oscillator as a measure of
transistor aging.

10. The integrated circuit of claim 7 wherein at least one of
the oscillators includes switchably connected tuning ele-
ments allowing adjustment of a frequency of the oscillator at
a given aging of the power-gating transistors.

11. The integrated circuit of claim 1 wherein the transistor-
aging detector includes transistors positioned proximate to
the power-gating transistors and of comparable architecture
to the power-gating transistors.

12. The integrated circuit of claim 1 wherein the integrated
circuitry is a synchronous circuit coordinating operation of
different components according to a clock signal.

13. The integrated circuit of claim 12 wherein the inte-
grated circuitry is a microprocessor for executing a sequential
program.
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14. The integrated circuit of claim 1 further including:

a temperature detector detecting an operating temperature
of'the integrated circuitry for controllably decreasing the
current flow through the power-gating transistors as the
temperature of the integrated circuitry decreases.

15. A method of operating an integrated circuit comprising

the steps of:

(a) periodically gating an electrical power supply provid-
ing electrical power not adapted to convey data to an
effective power terminal of circuitry of the integrated
circuit using power gating-transistors on the integrated
circuit according to a sleep/wake signal to provide
power thatis not adapted to convey data to the integrated
circuit during a wake time indicated by the sleep/wake
signal and to block power to the integrated circuit during
a sleep time indicated by the sleep/wake signal, wherein
the integrated circuitry is adapted to communicate elec-
trical signals conveying data with other devices via one
or more input/output signal lines during the wake time,
and wherein the effective power terminal comprises a
common connection of multiple non-gate transistor ter-
minals of the circuitry of the integrated circuit;

(b) generating an aging signal reflecting a change in a gain
of the power-gating transistors as a function of the wake
time; and

(c) further controlling the power-gating transistors accord-
ing to the aging signal to provide more constant current
flow through the power-gating transistors during the
wake time as the power-gating transistors age.

16. An integrated circuit comprising:

an input terminal receiving an electrical power supply for
the integrated circuit, the electrical power supply pro-
viding electrical power not adapted to convey data;

integrated circuitry including multiple transistors imple-
menting a function of the integrated circuit, wherein the
integrated circuitry is adapted to communicate electrical
signals conveying data externally from the intergrated
circuit via one or more input/output signal lines;

multiple power gating transistors connected in parallel
between the input terminal and an effective power ter-
minal of the integrated circuitry for selectively blocking
and providing power that is not adapted to convey data to
the integrated circuitry according to a sleep/wake signal
used for power conservation, wherein the power-gating
transistors provide power for the integrated circuitry
when in the wake state, and wherein the effective power
terminal comprises a common connection of multiple
non-gate transistor terminals of the integrated circuitry;
and

a temperature detector detecting an operating temperature
of the integrated circuitry for controllably decreasing a
current flow through the power-gating transistors as the
temperature of the integrated circuitry decreases.

17. The integrated circuit of claim 16 wherein the power-
gating transistors have different control inputs connected to
the sleep/wake signal and the temperature detector decreases
anumber of control inputs connected to the sleep/wake signal
as the temperature of the integrated circuit decreases.

18. The integrated circuit of claim 16 wherein the power-
gating transistors with different control inputs provide difter-
ent effective conductive widths.

19. The integrated circuit of claim 18 wherein the different
effective conductive widths of the transistor groups follow an
exponentially increasing relationship.

20. The integrated circuit of claim 16 wherein the tempera-
ture detector includes a first oscillator having a frequency
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which is temperature sensitive and compares this frequency
to the frequency of a second oscillator having a different
temperature sensitivity.

21. The integrated circuit of claim 20 wherein the second
oscillator is an external clock signal.

22. The integrated circuit of claim 20 wherein the first
oscillator is a ring oscillator of at least 10 series-connected
inverters.

23. The integrated circuit of claim 22 wherein the inverters
are current-starved inverters providing reduced sensitivity to
operating voltage and wherein the current-starved inverters
are attached to electrical power switched on by the power-
gating transistors.

24. The integrated circuit of claim 20 wherein the tempera-
ture detector includes a counter to count cycles of each of the
oscillators for a period of time and uses a difference between
counted cycles of each oscillator as a measure of temperature.

25. The integrated circuit of claim 21 wherein the first
oscillator includes switchably connected tuning elements
allowing adjustment of a frequency of the oscillator at a given
temperature of the power gating transistors.

26. The integrated circuit of claim 16 wherein the inte-
grated circuitry is a synchronous circuit coordinating opera-
tion of different components according to a clock signal.

27. The integrated circuit of claim 26 wherein the inte-
grated circuitry is a microprocessor for executing a sequential
program.
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28. A method of operating an integrated circuit comprising
the steps of:

(a) periodically gating an electrical power supply provid-
ing electrical power not adapted to convey data to an
effective power terminal of circuitry of the integrated
circuit using power-gating transistors on the integrated
circuit according to a sleep/wake signal to provide
power thatis not adapted to convey data to the integrated
circuit during a wake time indicated by the sleep/wake
signal and to block power to the integrated circuit during
a sleep time indicated by the sleep/wake signal, wherein
the integrated circuitry is adapted to communicate elec-
trical signals conveying data externally via one or more
input/output signal lines during the wake time, and
herein the effective power terminal comprises a com-
mon connection of multiple non-gate transistor termi-
nals of the circuitry of the integrated circuit;

(b) generating a temperature signal reflecting a change in
the temperature of the integrated circuit; and

(c) further controlling the power-gating transistors accord-
ing to the temperature signal to decrease a current flow
through the power-gating transistors as the temperature
of the integrated circuitry decreases.

#* #* #* #* #*
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