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ABSTRACT

A dynamic power and performance management architecture which is comprised of five
subsystems. First is a collection of m clusters of subsystems to be managed, also referred to as
load clusters, each serviced by an independent clock generator. Second is a collection of » high-
speed DC/DC voltage converters, also referred to as power sources. Third is a cross-bridge
network which permits arbitrary connections between the power sources and loads. Fourth is a
controller circuit which dynamically specifies the connections to be made by the cross-bridge
network between the power sources and loads. Fifth is voltage level-shifting logic and latches
associated with inter-cluster signals. The significance of the architecture is its ability to exploit
high-frequency DC/DC voltage converters to dynamically and rapidly adjust the supply voltage
of each subsystem cluster in conjunction with frequency scaling such that the power consumed
by each subsystem cluster is minimized in response to time-varying performance levels.

FIELD OF THE INVENTION

The field of the invention is power management circuits and technology and in particular
dynamic and adaptive power minimization.

BACKGROUND OF THE INVENTION

Power minimization is recognized as a primary objective in the design of most
** electronics systems but most especially in systems which are portable, battery-operated, or
otherwise especially sensitive to power efficiency in terms of size, weight, operating lifetime, or
cost. Although power consumption can be reduced arbitrarily by limiting the system
performance (as measured by clock frequency or number of operations performed in unit time),
this is an undesirable method. The unsuitability of performance limitations to ensure power
efficiency is emphasized by emerging applications (e.g enhanced wireless telecommunications
protocols, streaming multimedia, etc) which require higher performance.

Historically, power minimization has been accomplished by technology scaling—that is
reducing the dimensions of transistors and their supply voltage. This technique is now producing
diminishing returns for two reasons. Firstly, system power is related to capacitance, voltage, and
frequency by P = CV’f. A reduction in supply voltage from 5 V to 1.5 V leads to dramatically
lower power; further reduction to 1.25 V or 1 V produces considerably less power savings.
Secondly, semiconductor chips and electronic systems have become extremely complex and also
may contain replicated components; the growing power consumption of these complex systems
is outpacing the incremental improvements to power efficiency offered by technology scaling.

3
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A more recent approach to minimizing power consumption is to disable any logic gates
that are idle during the execution of an operation. The disabling is typically accomplished either
by halting the clock signal to the gates or by removing the power source to the gates. This
technique can be applied at the chip- or system-level. Although effective, this method is simply a
binary on-off control of power and performance. It provides no mechanism for a continual tuning
between peak performance and minimum power.

A recent approach which balances performance (as measured by clock frequency) and
power consumption is simple frequency scaling. This approach yields roughly linear scaling in
performance and power. However, in terms of power it is nonoptimal since the propagation delay
of logic gates is proportional to C/V?. If frequency is simply reduced then the internal logic gates
are much faster than is necessary. It is more optimal to also reduce the supply voltage. Related
techniques such as clock cycle skipping or inserting sleep cycles into a steady instruction stream
do reduce both the average clock frequency and the average power consumption, but these
methods as above are binary on-off control. Rather than alternating between off and fully-on
states, it is more power efficient to operate continuously at a lower clock-frequency and a lower
supply voltage.

Performance/power management to date has been accomplished using combined voltage
and frequency scaling. To further improve the optimization, semiconductor chips and electronic
systems have also been divided into partitions with individual voltage scaling per partition. In
most implementations, the scaling is nearly static (quasi-static) such that a clock frequency is
almost constant and the supply voltage is automatically reduced to an optimally low potential.
More recently (Burd, JEEE J. Solid-State Circuits, 2000), the scaling has been performed
dynamically at a rate of approximately 15 kHz. Both the quasi-static and dynamic methods rely
on the conventional system configuration in which the power source has a low switching rate
(less than 1 MHz) and utilizes large reactive components (>1 pF and >1 pH).

When the activity levels (and hence the required clock frequency) of the load clusters are
nearly constant, both methods yield good improvement to power efficiency. Further
improvement is possible however if more clusters are produced since the balance of performance
versus power can be made more precisely. When the activity levels (and hence the required clock
frequency) of the load clusters are changing rapidly, however, state-of-the-art quasi-static and
dynamic frequency-voltage scaling methods do very poorly in minimizing the instantaneous
power consumption.

Extremely rapid frequency-voltage scaling can be accomplished by the present invention,
which utilizes fully high-frequency power sources. As mentioned previously, state-of-the-art
power sources are slow-switching and hence require large reactive components. Technology
exists, however, to achieve very high-speed switching (>150 MHz) power sources (as in U.S.
Patent #5,959,439), which can consequently utilize very small-valued reactive components
(<100 nF and <100 nH). Using a high-speed switching power source it is possible to employ
very small external (discrete) reactive components or even to integrate the reactive components
monolithically with the power source. State-of-the-art technology exists which can permit small-
valued reactive components with characteristics comparable to those achieved with high-quality
discrete parts. By switching at a very high rate it is possible to tune performance/power with very
good temporal resolution; by achieving a compact monolithic implementation it is possible to
support tuning of multiple load clusters with good spatial resolution.

o
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The unique capability of the present invention is its management of the performance and
power consumption of integrated or distributed load clusters using high-frequency power
converters and dynamic mapping of power sources to load clusters. Each load cluster can
comprise any degree of complexity ranging from a single logic gate, to IC subsystems, to an
entire IC, up to an entire electronics system consisting of a multiplicity of components and chips.

A brief review of prior art power and performance management techniques follows.

Localized clock gating or power source gating is limited to binary on-off control. It does
not permit a continuous tuning of performance and power characteristics. Software-based
progressive sleep modes can be viewed as an extension of clock gating or power source gating.

Frequency scaling, which is generally universally applied to a complex system, does
permit a continuous tuning of performance and power characteristics. However, its power
efficiency is still poor without also applying voltage scaling. Moreover, applied universally the
technique fails to exploit fine-grained performance and power tuning of possible using small
load clusters.

Reported techniques for combined frequency and voltage scaling improve power
efficiency under quasi-static conditions, but have poor power optimization under dynamic load
activity. This limitation is fundamentally caused by the low switching frequency of the power
source and the use of only one or two load clusters.

SUMMARY

A dynamic power and performance management architecture which is comprised of five
subsystems. First is a collection of m clusters of subsystems to be managed, also referred to as
load clusters, each serviced by an independent clock generator. Second is a collection of # high-
speed DC/DC voltage converters, also referred to as power sources. Third is a cross-bridge
network which permits arbitrary connections between the power sources and loads. Fourth is a
controller circuit which dynamically specifies the connections to be made by the cross-bridge
network between the power sources and loads. Fifth is voltage level-shifting logic and latches
associated with inter-cluster signals. The significance of the architecture is its ability to exploit
high-frequency DC/DC voltage converters to dynamically and rapidly adjust the supply voltage
of each subsystem cluster in conjunction with frequency scaling such that the power consumed
by each subsystem cluster is minimized in response to time-varying performance levels.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features, and advantages of the present invention will
become more apparent from the following detailed description taken with the accompanying
drawings in which:

FIG. 1 is an illustration of normalized power consumption of a digital circuit versus its
normalized clock frequency considering frequency scaling and combined frequency-voltage
scaling;

P
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FIG. 2 is a schematic view of a dynamic power and performance management architecture in
accordance with an embodiment of the invention;

FIG. 3 is a schematic view of a conventional quasi-static frequency-scaling architecture;

FIG. 4 is a schematic view of a conventional quasi-static combined frequency-voltage scaling
architecture; and

FIG. 5 is a schematic view of a conventional dynamic slow combined frequency-voltage scaling
architecture.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a comparison of the power consumption of a digital logic gate at a given clock
frequency when using either frequency scaling or combined frequency-voltage scaling. Clearly
combined frequency-voltage scaling is more optimal. If the clock frequency of a particular load
cluster varies rapidly then optimal power efficiency is achieved only if the supply voltage can be
varied just as rapidly; this motivates the need for high-speed power sources. If many load
clusters exist then a precise tuning of performance versus power within the processor is possible;
this motivates the need for multiple load clusters.

FIG. 2 is a schematic diagram of the dynamic performance and power management
architecture in accordance with an embodiment of the invention. It is contemplated that each
power source could be implemented in one of several fashions. First, it could be integrated
monolithically along with the load clusters using existing integrated circuit (IC) fabrication
techniques (e.g. CMOS, BiCMOS, etc.). Second, it could be fashioned as an independent IC that
is integrated with a load cluster in a compound package such as a multi-chip module (MCM).
Third, it could be fashioned as an independent IC that is integrated with a load cluster on a
conventional printed circuit board (PCB). The power source also can employ a variety of
manifestations of the reactive components. First, the reactive components can be integrated
monolithically with the power source. Second, the reactive components can be fashioned as an
independent chip that is integrated with the converter in an MCM. Third, conventional discrete
components can be used. It is envisioned that each power source will operate at a switching
frequency of 1 to 500 MHz and utilize reactive components with values of 1 nF to 10 uF and 1
nH to 10 uH.

The architecture is constructed such that a system (e.g. a complex IC or an electronics
system) is partitioned into m load clusters. Each load cluster receives an independent clock
frequency from a unique clock generator. The clock generator may be implemented by any
method known to the art (e.g. a phase-locked loop). It is envisioned that all clock generators will
utilize multiplication/division from a single master clock frequency on an integer, half-integer, or
quarter-integer basis as is known to the art. The use of a single master clock frequency facilitates
synchronization of logic signals between load clusters.

The supply voltages generated by the n power sources are connected to the m load
clusters through a cross-bridge network. The cross-bridge network may be implemented by any
method known to the art (e.g. analog transistor switches). To stabilize the supply voltage
delivered to each load cluster, each load cluster is supported by a local charge-buffering
capacitor C. Additionally, logic signals which propagate between clusters are propagated through
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dedicated voltage level-shifting latches. The latches ensure that all communications conducted
on the logic bus have consistent noise margins.

Finally, to control the cross-bridge network, to specify dynamically the voltage output by
each of » power sources, and to specify the clock frequency delivered to each of m load clusters,
a dynamic controller is provided. It is envisioned that the dynamic controller will operate with
the cooperation of scheduling software, operating system prioritization, or dynamic performance
and power optimization algorithms as known to the art.

It is envisioned that under quasi-static load cluster activity conditions, the present
invention will reduce load cluster power dissipation to 10% to 50% of that delivered by the
present state-of-the-art.

It is envisioned that under dynamic load cluster activity conditions, the present invention
will reduce load cluster power dissipation to 10% to 50% of that delivered by the present state-
of-the-art.

Five significant features of the architecture of the present invention are noted.

First, the architecture permits combined frequency and voltage scaling with very fine
spatial and temporal resolution.

Second, the architecture accommodates a variety of mapping algorithms and strategies in
the cross-bridge network between the power sources and the load clusters to permit optimization
of power, control complexity, or size.

Third, the architecture accommodates both static and dynamic mapping algorithms and
strategies in the cross-bridge network between the power sources and the load clusters to permit
optimization of power, control complexity, or size.

Fourth, the architecture complements state-of-the-art techniques for power scheduling,
instruction reordering, and progressive sleep modes. The architecture also provides additional
sophistication to each of the aforementioned techniques.

Fifth, the architecture is generic and scalable in application to systems of arbitrary
complexity. Therefore a managed load cluster could be a single logic gate, an IC subsystem, an
entire IC, up to an entire electronics system consisting of a multiplicity of components and chips.

The architecture of the present invention is next contrasted with similar prior art as shown
in FIGS. 3, 4, and 5.

FIG. 3 is a conventional quasi-static frequency-scaling architecture. Its use of only a
single load cluster creates poor spatial resolution of performance and power tuning. Its use of
quasi-static frequency scaling creates poor temporal resolution of performance and power tuning.
Finally, its omission of voltage scaling creates very nonoptimal power efficiency.

FIG. 4 is a conventional quasi-static combined frequency-voltage scaling architecture. Its
use of only one or two load clusters results in improved, but still poor, spatial resolution of
performance and power tuning. Its use of quasi-static frequency-voltage scaling creates poor
temporal resolution of performance and power tuning.

FIG. 5 is a conventional dynamic slow combined frequency-voltage scaling architecture.
Its use of only a single load cluster creates poor spatial resolution of performance and power
tuning. Its use of dynamic frequency-voltage scaling results in improved, but still poor, temporal
resolution of performance and power tuning.

CLAIMS
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What is claimed is:

1. A generic dynamic performance and power management architecture for performing rapid
adjustments of both supply voltage and clock frequency, said architecture comprising:

up to m partitions of independent load clusters to be managed;

up to n power sources;

an n by m cross-bridge network to connect dynamically the » power sources to the m load
clusters in response to control signals; and

a control circuit to generate and deliver the control signals to the cross-bridge network as
necessary to perform dynamic mapping of the » power sources to the m load clusters.

2. The architecture as claimed in claim 1, wherein up to m clock generators are included to
specify and deliver the clock signal of each load cluster.

3. The architecture as claimed in claims 1 and 2, wherein up to m charge-buffering capacitors are
included to stabilize the supply voltage of each load cluster.

4. The architecture as claimed in claims 1, 2, and 3, wherein up to m level-shifting latches are
included to ensure consistent logic noise margins and proper synchronization of all inter-cluster
signals produced by each load cluster.

5. The architecture as claimed in claims 1, 2, 3, and 4, wherein a clock generator delivers an
integer, half-integer, or quarter-integer multiplication or division of a reference clock signal input
using a phase-locked loop implementation.

6. The architecture as claimed in claims 1, 2, 3, and 4, wherein a clock generator delivers an
integer, half-integer, or quarter-integer multiplication or division of a reference clock signal input
using a delay-locked loop implementation.

7. The architecture as claimed in claims 1, 2, 3, and 4, wherein a clock generator delivers an
integer, half-integer, or quarter-integer multiplication or division of a reference clock signal input
using simple combinational logic.
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8. The architecture as claimed in claims 1, 2, 3, and 4, wherein a clock generator delivers an
integer, half-integer, or quarter-integer division of a reference clock signal input using simple
combinational logic.

9. The architecture as claimed in claims 1, 2, 3, and 4, wherein a power source delivers a
regulated output side voltage from a single input side voltage in response to a control signal
using a switch-mode inductor-based step-up converter as is known to the art.

10. The architecture as claimed in claims 1, 2, 3, and 4, wherein a power source delivers a
regulated output side voltage from a single input side voltage in response to a control signal
using a switch-mode inductor-based step-down converter as is known to the art.

11. The architecture as claimed in claims 1, 2, 3, and 4, wherein a power source delivers a
regulated output side voltage from a single input side voltage in response to a control signal
using a switch-mode inductor-based combined step-up/step-down converter as is known to the
art.

12. The architecture as claimed in claims 1, 2, 3, and 4, wherein a power source delivers a
regulated output side voltage from a single input side voltage in response to a control signal
using a switch-mode charge-pump converter as is known to the art.

13. The architecture as claimed in claims 1, 2, 3, and 4, wherein a power source delivers a
regulated output side voltage from a single input side voltage in response to a control signal
using a switch-mode switched-capacitor converter as is known to the art.

14. The architecture as claimed in claims 1, 2, 3, and 4, wherein the control circuit is
implemented only in electronic hardware.

15. The architecture as claimed in claims 1, 2, 3, and 4, wherein the control circuit is
implemented in electronic hardware and cooperates and coordinates with software control (e.g.
power scheduling, instruction reordering, and progressive sleep modes).

16. A method of controlling the mapping of power sources to load clusters using the architecture
as claimed in claims 1, 2, 3, and 4, wherein the mapping is performed once (is static).
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17. A method of controlling the mapping of power sources to load clusters using the architecture
as claimed in claims 1, 2, 3, and 4, wherein the mapping is performed continually (is dynamic).

18. A method of controlling the mapping of power sources to load clusters using the architecture
as claimed in claims 1, 2, 3, and 4, wherein the mapping is performed such that each power
source services an approximately equal number of load clusters.

19. A method of controlling the mapping of power sources to load clusters using the architecture
as claimed in claims 1, 2, 3, and 4, wherein the mapping is performed such that each power
source services load clusters with approximately equal clock frequency.

20. A method of controlling the mapping of power sources to load clusters using the architecture
as claimed in claims 1, 2, 3, and 4, wherein the mapping is performed such that each power
source delivers an approximately equal average power.

21. A method of tuning the supply voltage applied to a load cluster using the architecture as
claimed in claims 1, 2, 3, and 4, wherein the supply voltage is controlled to adjust the
performance and/or power dissipation of the load cluster.

22. A method of tuning the clock frequency applied to a load cluster using the architecture as
claimed in claims 1, 2, 3, and 4, wherein the clock frequency is controlled to adjust the
performance and/or power dissipation of the load cluster.

#=  23. A method of tuning the supply voltage and clock frequency applied to a load cluster using the
architecture as claimed in claims 1, 2, 3, and 4, wherein the supply voltage and the clock
frequency is controlled to adjust the performance and/or power dissipation of the load cluster.
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