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ADAPTIVE CLOCKING SCHEME TO ACCOMMODATE SUPPLY VOLTAGE
TRANSIENTS

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates generally to data clocking in an integrated circuit
{10).
Background Art

[0002] Power consumption of an integrated circuit (IC) can vary dramatically based on

active functions on it. In order to minimize power consumption, functions are started and
stopped as needed. This however leads to large changes in the load current. Large load
steps, in turn, cause dynamic voltage variations in the supply voltage provided to the IC.

[0003] Much of the supply voltage variations are typically transient (e.g., less than 50 ns).
In fact, the average supply voltage (over a 500 ns time window, for example) is fairly
constant.  In addition, worst-case voltage transients are extremely infrequent.
Conventionally, however, the maximum clock frequency of the IC is selected based on
the worst case voltage level. As such, although most of the time the voltage provided to
the IC can support a higher clock frequency, the clock frequency is still constrained to
accommodate the worst-case voltage transients.

[0004] Accordingly, there is a need for adaptive clock schemes that accommodate voltage

transients.

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0005] The accompanying drawings, which are incorporated herein and form a part of the
specification, illustrate the present invention and, together with the description, further
serve to explain the principles of the invention and to enable a person skilled in the
pertinent art to make and use the invention.

[0006] FIG. 1 illustrates a conventional synchronous clocking scheme.

[0007] FIG. 2 illustrates another conventional synchronous clocking scheme.
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[0008] FIG. 3 illustrates an example clocking scheme according to an embodiment of the
present invention.

[0009] FIG. 4 illustrates another example clocking scheme according to an embodiment
of the present invention.

[0010] FIG. 5 illustrates another example clocking scheme according to an embodiment
of the present invention.

[0011] FIG. 6 is an example that illustrates timing variations of data traversing a logic
path.

[0012] FIG. 7 illustrates another example embodiment of the present invention.

[0013] FIG. 8 is a process flowchart of a method for regulating a clock frequency of an

integrated circuit (IC) according to an embodiment of the present invention.
[0014] The present invention will be described with reference to the accompanying
drawings. Generally, the drawing in which an element first appears is typically indicated

by the leftmost digit(s) in the corresponding reference number.

DETAILED DESCRIPTION OF EMBODIMENTS

[0015] Embodiments of the present invention provide systems and methods for
dynamically regulating the clock frequency of an integrated circuit (IC) based on the
supply voltage provided to the IC. By doing so, the clock frequency is no longer
constrained by a worst-case voltage level (typically, corresponding to worst-case voltage
transients), and a higher overall clock frequency can be supported.

[0016] FIG. 1 illustrates a conventional synchronous clocking scheme used to
synchronize functional blocks of an example system 100. As shown in FIG. 1, example
system 100 includes a first functional block 102, a second functional block 104, a flip-
flop or latch circuit 106, a flip-flop or latch circuit 108, a logic path 110 (which may
include elements such as amplifiers, inverters, AND gates, NOR gates, etc.), and a phase-
locked loop (PLL) 112. Example system 100 may be implemented in an integrated
circuit (IC). For example, example system 100 may be a System-on-Chip (SoC).

[0017] PLL 112 generates a system clock 116 based on a reference clock 114. The
operation of a PLL to generate a clock based on a reference clock is well known in the art

and will not be described herein. Reference clock 116 is distributed to different parts of
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example system 100. For example, as shown in FIG. 1, reference clock 116 is distributed
to flip-flops 106 and 108 as clock signals 118 and 120, respectively.

[0018] Functional blocks 102 and 104 communicate data via logic path 110. To enable
data transmission from functional block 102 to functional block 104, flip-flop 106
samples an output of functional block 102 according to clock signal 118 to send a data
value over logic path 110. At the receiving end of logic path 110, flip-flop 108 samples
logic path 110 according to clock signal 120 to receive the data value and provide the data
value to functional block 104.

[0019] In order for the data value sent by functional block 102 to be properly received by
functional block 104, flip-flop 120 must sample logic path 110 at an appropriate time
(i.e., when the data value has reached the other end of logic path 110). As noted above,
flip-flops 118 and 120 are clocked according to clock signals 118 and 120, which are
derived from system clock 116. As such, by relating the time period of system clock 116
to the propagation delay of logic path 110 (e.g., selecting the frequency of system clock
116 such that the propagation delay of logic path 110 is equal to the time period of system
clock 116), flip-flops 118 and 120 can be synchronized to send and receive data.

[0020] Ideally, any timing variations between clock signals 118 and 120 must be
negligible. In practice, however, routing delays from PLL 112 to flip-flops 118 and 120
may introduce timing variations between clock signals 118 and 120, which must be
accounted for. This problem becomes more significant when the frequency of system
clock 116 is increased to enable faster data transmission from functional block 102 to
functional block 104.

[0021] The above described synchronous clocking scheme also suffers from another
problem when higher data rates are required between functional blocks 102 and 104. To
enable higher data rates, multiple data values need to be sent over logic path 110 at the
same time (i.e., the capacity of logic path 110 must be increased). For example, a data
value is sent by functional block 102 before a previous data value is received by
functional block 104. To allow for multiple data values to be present over logic path 110,
one or more data holding stages (e.g., flip-flops or latch circuits) must be added in logic
path 110. This is illustrated, for example, in FIG. 2, which shows a flip-flop 202 added in
logic path 110. Flip-flop 202 allows for two data values to traverse logic path 110 at the

same time. For example, while a first data value is output by flip-flop 202 in the direction
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of flip-flop 108, a second data value is output by flip-flop 106 in the direction of flip-flop
202. As more data holding stages are added in logic path 110, the propagation delay of
logic path 110 will have an increased variance (e.g., due to timing variations in the
various data holding stages, jitter, etc.), which introduces an unpredictable clock skew
between the data signal (at the input of flip-flop 108) and clock signal 120. As such, data
values transmitted from functional block 102 may be lost.

[0022] For the reasons described above, conventional synchronous clocking schemes are
less desirable for use in applications requiring very high data rates. In addition,
conventional synchronous clocking schemes do not account for temperature, process, and
voltage variations, which can introduce further clock skew in the system.

[0023] FIGs. 3-6 illustrate one approach for regulating the IC clock frequency based on
variations of the supply voltage provided to the IC, while at the same time attempting to
maximize the capacity utilization of logic paths. The approach relies on a delay line that
is exposed to the same voltage component as the rest of the IC logic.  Supply voltage
variations result in delay variations in the delay line, which, in turn, can be used to
regulate the clock frequency provided to the IC. In an embodiment, the delay variations
are provided using a feedback path to a voltage controlled oscillator (VCO) used to
generate the clock frequency. In another embodiment, the delay line and at least one
inverter form a ring oscillator that directly generates the clock frequency. FIG. 3
illustrates an example clocking scheme according to an embodiment of the present
invention. The example clocking scheme is described with respect to an example system
300. Like example system 100, example system 300 includes first functional block 102,
second functional block 104, flip-flop 106, flip-flop 108, and logic path 110.
Furthermore, example system 300 includes a clock module 304 and a clock path 302.
Example system 300 may be implemented in an integrated circuit (IC). For example,
example system 300 may be a System-on-Chip (SoC).

[0024] Clock module 304 generates a system clock 308 based on a reference clock 306.
Clock module 304 may include a PLL or a frequency synthesizer. In an embodiment,
clock module 304 includes a voltage controlled oscillator (VCO), implemented using a
ring oscillator.

[0025] Clock module 304 provides system clock 308 to flip-flop 106, which samples an

output of functional block 102 according to system clock 308 to send a data value over
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logic path 110. In addition, system clock 308 is sent to flip-flop 108 over clock path 302.
In an embodiment, clock path 302 is adapted to have substantially similar propagation
delay as logic path 110. As such, when a data value and system clock 308 are transmitted
concurrently over logic path 110 and clock path 302, respectively, the data value and
system clock 308 reach flip-flop 108 within an appropriate window (setup) of one another
such that flip-flop 108 samples the data value, when the data has settled, using the
received system clock 308.

[0026] Both the transmitted data and system clock 308 experience timing variations over
logic path 110 and clock path 302, respectively. For example, the times at which the data
and system clock 308 reach flip-flop 108 may vary. However, so long that a system
margin separates the earliest possible clock time (i.e., the earliest time that system clock
308 may reach flip-flop 108) from the latest possible data time (i.e., the latest time that a
previous data value may reach flip-flop 108) and the latest possible clock time (i.e., the
latest time that system clock 308 may reach flip-flop 108) from the earliest possible data
time (i.c., the earliest time that a subsequent data value may reach flip-flop 108), the
clocking scheme described in FIG. 3 can support data transfer without data loss.
Complications may arise, however, because the system margin varies over different
process, temperature, and voltage conditions, which makes predicting the maximum data
rate that can be supported quite complicated. To avoid data loss, therefore, the system is
designed to have a maximum data rate according to a worst case margin, thereby resulting
in a sub-optimal data rate.

[0027] FIG. 4 illustrates another example clocking scheme according to an embodiment
of the present invention. The example clocking scheme is described with respect to an
example system 400. Like example system 100, example system 400 includes first
functional block 102, second functional block 104, flip-flop 106, flip-flop 108, and logic
path 110. Furthermore, example system 400 includes a clock path 402 and a feedback
path 404. Example system 400 may be implemented in an integrated circuit (IC). For
example, example system 400 may be a System-on-Chip (SoC). In an embodiment, logic
path 110 is the critical path of the IC, having the largest delay of all logic paths of the IC.

[0028] As shown in FIG. 4, clock path 402 has two endpoints 406 and 408, which couple
clock path 402 to flip-flops 106 and 108, respectively. Flip-flop 106 is controlled by a
clock signal 410. Clock signal 410 is also sent over clock path 402 to flip-flop 108.
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According to embodiments, clock path 402 is adapted to have substantially similar
propagation delay as logic path 110. As such, when a data value and clock signal 410 are
transmitted concurrently over logic path 110 and clock path 402, respectively, the data
value and clock signal 410 reach flip-flop 108 within an appropriate window (setup) of
one another such that flip-flop 108 samples the data value, when the data has settled,
using the received clock signal 410.

[0029] Feedback path 404 couples endpoints 408 and 406 of clock path 402. As such,
feedback path 404 serves to provide feedback information regarding the actual
propagation delay of clock path 402. Because clock path 402 is adapted to have
substantially similar propagation delay as logic path 110, feedback path 404 also provides
feedback information regarding the propagation delay of logic path 110. Further, because
clock path 402 is exposed to the same supply voltage as logic path 110, supply voltage
variations will cause substantially similar delay variations in clock path 402 as in logic
path 110. These delay variations are reflected by feedback path 404, and automatically
by clock signal 410. Accordingly, supply voltage variations are automatically reflected in
clock frequency variations. As the supply voltage increases/decreases, the delay of clock
path 402 decreases/increases, leading to an increase/decrease in the frequency of clock
signal 410.

[0030] In an embodiment, together with clock path 402, feedback path 404 forms a ring
oscillator whose output frequency (e.g., the output frequency of clock signal 410) is a
function of the actual propagation delay of clock path 402 (or the propagation delay of
logic path 110). In an embodiment, the ring oscillator is implemented using an odd
number of inverters coupled in series. Accordingly, feedback path 404 and clock path
402 enable an automatic self-correcting mechanism for adjusting the data rate between
functional block 102 and functional block 104, as a function of the propagation delay of
logic path 110.

[0031] In an embodiment, rather than spreading clock path 402 between flip-flops 106
and 108, as shown in FIG. 4, clock path 402 is moved inside of a clock module, such as a
PLL, which adjusts its output clock phase and frequency based on the feedback provided
by feedback path 404.

[0032] FIG. 5 illustrates another example clocking scheme according to an embodiment

of the present invention. The example clocking scheme is described with respect to an
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example system 500, which is similar to example system 400. Like example system 400,
example system 500 includes first functional block 102, second functional block 104,
flip-flop 106, flip-flop 108, logic path 110, and clock path 402. Example system 500 may
be implemented in an integrated circuit (IC). For example, example system 500 may be a
System-on-Chip (SoC). In an embodiment, logic path 110 is the critical path of the IC,
having the largest delay of all logic paths of the IC.

[0033] Example system 500 improves on example system 400 by allowing for the data
rate between functional block 102 and functional block 104 (in addition to being
automatically adjusted based on the propagation delay of logic path 110) to be set so as to
increase the capacity utilization of logic path 110.

[0034] As shown in FIG. 5, instead of using a feedback path 404 from endpoint 408 of
clock path 402 like example system 400, system 500 uses a feedback path 502 from a tap
point 506 of clock path 402 (as used herein, the term “tap point” refers to a point along
clock path 402 that is not an endpoint). In an embodiment, tap point 506 is selected so
that timing variations between the data signal and the clock signal do not result in data
loss at flip-flop 108. Timing variations between the data signal and the clock signal
include propagation delay variations between logic path 110 and clock path 402 (which
are a function of the characteristics of each of the paths as well temperature, process, and
voltage).

[0035] FIG. 6 is an example 600 that illustrates timing variations between the data signal
and the clock signal in an example system, such as system 500, for example. In
particular, example 600 shows a logic path 110 having a plurality of data holding stages
602, 604, 606, 608 and 610. The example system, like system 500 for example, also has
a clock path (not shown in FIG. 6) adapted to have a substantially similar propagation
delay as logic path 110. The clock signal is transmitted over the clock path and is used to
clock the data signal at each holding stage.

[0036] Both the data signal and the clock signal have timing variations at each holding
stage, such that both the data signal and the clock signal can reach the holding stage
carlier or later than a reference time. Assuming that the reference time is given by the
clock signal (even though the clock typically varies), the timing variation of the data

signal relative to the clock signal can be illustrated as shown in FIG. 6. At each holding
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stage, the data signal may vary within a time interval “At” relative to the clock signal (the
data may be early or late relative to the clock) in FIG. 6.

[0037] As the data signal traverses logic path 110 (and the clock signal simultancously
traverses the clock path), the maximum relative variation between the data and the clock
increases, as propagation delay variations between logic path 110 and the clock path (e.g.,
due to timing variations in holding stages, metal delay, jitter, etc.) tend to accumulate.
Thus, as shown in FIG. 6, the time intervals “At” become wider as the data traverses logic
path 110.

[0038] To avoid data loss, a margin (shown as “X” in FIG. 6) must be maintained
between the time intervals, typically, of the last two holding stages. The value of the
system margin “X” is dependent on timing variations that are inherent in the system (e.g.,
timing variations due logic path 110 and the clock path) and the data rate at which data is
being transmitted over logic path 110. Further, the margin “X” varies with temperature,
process, and voltage variations. As the data rate is increased, the margin “X” decreases.

[0039] Referring back to FIG. 5, in an embodiment, tap point 506 is selected so that the
margin “X” remains sufficiently high that data loss is not incurred. This entails selecting
tap point 506 to be sufficiently distant from end point 406 along clock path 402, that the
data rate does not exceed the capacity of logic path 110 and eliminate the margin “X.”
For example, at design time, a minimum distance between end point 406 and tap 506 can
be determined. Tap point 506 is selected to be at least that minimum distance away from
end point 406 along clock path 402. At the same time, tap point 506 is sclected so that
the capacity utilization of logic path 110 is increased. This implies selecting tap point
506 as close as possible to end point 406, without violating the minimum distance
requirement, so as to increase the transmission data rate.

[0040] FIG. 7 illustrates another approach for regulating the clock frequency provided to
the IC based on supply voltage variations. In particular, FIG. 7 illustrates an example
system 700 according to an embodiment of the present invention. As shown in FIG. 7,
example system includes a power management unit (PMU) 704, an integrated circuit (IC)
702, a phase locked loop (PLL) 710, and a clock regulating module 714. 1C 702 may be a

processor chip, for example.
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[0041] PMU 704 provides a supply voltage 706 to IC 702. Supply voltage 706 is also
provided to clock regulating module 714. 1C 702 also receives a clock 708 from PLL
710. PLL 710 generates clock signal 708 based on a reference clock 712.

[0042] Clock regulating module 714 acts a “supply voltage watchdog” that
measures/estimates the supply voltage over a predetermined time period (e.g., 1000
cycles) and that controls PLL 710 accordingly. In an embodiment, the predetermined
time period is selected to be small compared to a known period of the supply voltage
(typically, the PMU output has a slow periodic sinusoidal component which frequency
can be determined). In an embodiment, as shown in FIG. 7, clock regulating module 714
includes a ring oscillator 716, a counter 720, a lookup table (LUT) 724, and a control
module 728.

[0043] Ring oscillator 716 produces an oscillating output signal 718. The frequency of
output signal 718 is affected by supply voltage 706 used to power ring oscillator 716.
Specifically, the frequency of output signal 718 varies directly proportionally with supply
voltage 706. As such, output signal 718 can be used to infer the average of supply
voltage 706 over a time period.

[0044] In example system 700, a counter 720 receives output signal 718 from ring
oscillator 716 and periodically outputs a signal 722, representative of the number of times
that ring oscillator 716 has spun during the time period (or the speed of the ring
oscillator). Signal 722 is then used by LUT 724 to retrieve a voltage value 726, indicative
of the average supply voltage provided to ring oscillator 716 during the same time period.
In an embodiment, LUT 724 is generated by a priori characterization of ring oscillator
716.

[0045] Control module 728 uses voltage value 726 to determine a new clock frequency
for IC 702, and sends a control signal 730, determined based on the new clock frequency,
to PLL 710. In an embodiment, the new clock frequency is determined using another
lookup table that provides the maximum supported clock frequency as a function of
voltage. Control signal 730 modulates clock signal 708 to adjust its frequency to the new
clock frequency. Control signal 730 may control different components of PLL 710 to
modulate clock signal 708, including, for example, controlling the voltage controlled

oscillator (VCO) or the feedback loop of PLL 710.
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[0046] FIG. 8 is a process flowchart 800 of a method of regulating the clock frequency of
an integrated circuit (IC) according to an embodiment of the present invention.

[0047] As shown in FIG. 8, process 800 begins in step 802, which includes estimating a
supply voltage average over a time period. In an embodiment, step 802 is performed by
determining the average speed of a ring oscillator (which is provided the same supply
voltage as the IC) over the time period, and using the determined average speed of the
ring oscillator to infer the supply voltage average over the same time period.

[0048] Thus, in an embodiment, step 802 further includes determining, based on an
output of a ring oscillator, a number representative of an average speed of the ring
oscillator over the time period; and mapping the determined number using to a supply
voltage average. In an embodiment, determining the average speed of the ring oscillator
is done using a counter, which is coupled to the output of the ring oscillator. The counter
counts the number of times that the ring oscillator has spun over the time period and
outputs a number representative of the speed of the ring oscillator. Mapping the
determined number to the supply voltage average is performed, in an embodiment, using
a lookup table. The lookup table may be generated by a priori characterization of the ring
oscillator. For example, the ring oscillator may be operated at various supply voltage
values and its speed measured and stored in the lookup table.

[0049] Process 800 continues at step 804, which includes determining an operating clock
frequency for the IC based on the supply voltage average. In an embodiment, the
determined operating clock frequency is the maximum frequency supported by the IC
based on the supply voltage average. In an embodiment, a second lookup table is used to
map the supply voltage average to an operating clock frequency for the IC.

[0050] Finally, process 800 terminates in step 806, which includes adjusting the clock
frequency of the IC to the determined operating clock frequency. Step 806 may be
performed using any of the means for adjusting the clock frequency, as described above,
or as known in the art. Embodiments have been described above with the aid of functional
building blocks illustrating the implementation of specified functions and relationships
thereof. The boundaries of these functional building blocks have been arbitrarily defined
herein for the convenience of the description. Alternate boundaries can be defined so

long as the specified functions and relationships thereof are appropriately performed.
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[0051] The foregoing description of the specific embodiments will so fully reveal the
general nature of the invention that others can, by applying knowledge within the skill of
the art, readily modify and/or adapt for various applications such specific embodiments,
without undue experimentation, without departing from the general concept of the present
invention. Therefore, such adaptations and modifications are intended to be within the
meaning and range of equivalents of the disclosed embodiments, based on the teaching
and guidance presented herein. It is to be understood that the phraseology or terminology
herein is for the purpose of description and not of limitation, such that the terminology or
phraseology of the present specification is to be interpreted by the skilled artisan in light
of the teachings and guidance.

[0052] The breadth and scope of embodiments of the present invention should not be
limited by any of the above-described exemplary embodiments, but should be defined

only in accordance with the following claims and their equivalents.
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WHAT IS CLAIMED IS:

1. A system, comprising:

a first functional block;

a first latch circuit, coupled to an output of the first functional block;

a second functional block;

a second latch circuit, coupled to an input of the second functional block;

a logic path that couples a data output of the first latch circuit and a data input of the
second latch circuit;

a clock path coupled at a first endpoint to a clock input of the first latch circuit and at a
second endpoint to a clock input of the second latch circuit; and

a feedback path, coupled between a tap point of the clock path and the first endpoint of
the clock path,

wherein the first latch circuit is configured to receive a system clock at its clock input and
to sample the output of the first functional block according to the system clock, to send data
clocked according to the system clock over the logic path, and

wherein the second latch circuit is configured to receive the system clock at its clock
input and to sample its data input according to the system clock, to receive the data from the

logic path.

2. The system of claim 1, further comprising:
a clock module configured to generate the system clock and to provide the system clock

to the first latch circuit.

3. The system of claim 2, wherein the clock module sends the system clock over the

clock path to the second latch circuit.

4. The system of claim 2, wherein the clock path and the feedback path are provided
a same supply voltage as the logic path.

5. The system of claim 1, wherein the clock path and the feedback path form a ring

oscillator circuit.

6. The system of claim 5, wherein an output frequency of the ring oscillator is a

function of a propagation delay of the clock path.
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7. The system of claim 6, wherein the output frequency of the ring oscillator is

proportional to a propagation delay of a fraction of the clock path.

8. The system of claim 1, wherein the output frequency of the ring oscillator varies
according to changes in supply voltage, thereby adjusting a frequency of the system clock based

on supply voltage variations.

9. The system of claim 1, wherein a frequency of the system clock is a function of a

propagation delay of the clock path.

10.  The system of claim 9, wherein the propagation delay of the clock path is
configured to be equal to a propagation delay of the logic path.

11.  The system of claim 9, wherein the frequency of the system clock varies
according to temperature, process, and voltage variations of the propagation delay of the clock

path.

12.  The system of claim 1, wherein the tap point is selected to be at least a minimum
distance away from the first endpoint along the clock path so that the data sent over the logic path

does not exceed a capacity of the logic path.

13.  The system of claim 1, wherein the clock path is inside a phase-locked loop

(PLL).

14. A method for regulating a clock frequency of an integrated circuit (IC),
comprising:

estimating a supply voltage average over a time period;

determining an operating clock frequency for the IC based on the supply voltage average;
and

adjusting the clock frequency of the IC to the determined operating clock frequency.

15. The method of claim 14, wherein estimating a supply voltage average comprises:
determining, based on an output of a ring oscillator, a number representative of an
average speed of the ring oscillator over the time period; and

mapping the determined number to the supply voltage average.
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16.  The method of claim 15, wherein determining the number representative of the

average speed comprises coupling the output of the ring oscillator to a counter.

17.  The method of claim 15, wherein mapping the determined number to the supply
voltage average is performed using a lookup table, generated by a priori characterization of the

ring oscillator.

18.  The method of claim 15, wherein the ring oscillator is provided a same supply

voltage as the IC.

19. The method of claim 14, wherein the determined operating clock frequency is the

maximum frequency supported by the IC based on the supply voltage average.

20. A system for regulating a clock frequency of an integrated circuit (IC),
comprising:

a ring oscillator, provided a same supply voltage as the IC;

a counter, coupled to an output of the ring oscillator, that determines a number
representative of an average speed of the ring oscillator over a time period;

a first lookup table, coupled to the counter, that maps the determined number to a supply
voltage average;

a second lookup table that maps the supply voltage average to an operating clock
frequency for the IC; and

means for adjusting the clock frequency of the IC to the operating clock frequency.
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