20207132140 A1 | IV 00 00 1000 R

o
=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
25 June 2020 (25.06.2020)

‘O 00 0T 0O 0 0 A
(10) International Publication Number

WO 2020/132140 A1l

WIPO I PCT

(51) International Patent Classification:
GO6F 1/32 (2019.01)

(21) International Application Number:
PCT/US2019/067283

(22) International Filing Date:
18 December 2019 (18.12.2019)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
62/781,411 18 December 2018 (18.12.2018) US

(71) Applicant: NORTHWESTERN UNIVERSITY
[US/US]; 633 Clark Street, Evanston, Illinois 60208 (US).

(72) Inventors: GU, Jie, 2033 Sherman Avenue, Apt. 201,
Evanston, Illinois 60201 (US). JOSEPH, Russell E.; 1740
Leland Avenue, Evanston, Illinois 60201 (US).

(74) Agent: WONG, Frankie W.; 200 Public Square, Suite
2300, Cleveland, Ohio 44114 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 1IN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: INSTRUCTION DRIVEN DYNAMIC CLOCK MANAGEMENT USING ON-CHIP CRITICAL PATH MESSENGER

100 ~y

Prenamic Timing ()

Conventional Clock[™ |

.
i«‘&'ﬁ

g
7
.

AN
ATHEES s

/r /wﬂwm@yww
/»f /4., i MM/,//

i

130
??i}pﬁ%ﬁ Clock

WA’W%

FiG. 1

/W.W.Wm

z 7
49’/% %’W/ﬂ’/ﬁ/ﬁ’/ﬂg i

Im g;m%m&m

WWW%

(57) Abstract: Systems and/or methods can include techniques to exploit dynamic timing slack on the chip. By using a special clock
generatot, the clock period can be shrunk as needed at every cycle. The clock period is determined during operation by checking "critical
path messengers" to indicate how much dynamic timing slack exists. Elastic pipeline timing can also be introduced to redistribute timing

among pipeline stages to bring further benefits.



WO 2020/132140 PCT/US2019/067283

INSTRUCTION DRIVEN DYNAMIC CLOCK MANAGEMENT USING ON-CHIP
CRITICAL PATH MESSENGER

Inventors:
Jie Gu
Russell E. Joseph
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Application Serial No. 62/781,411 titled “Instruction Driven Dynamic Clock Management
for Deep Pipeline and Out-of-order Operation of Microprocessor using On-chip Critical Path
Messenger and Elastic Pipeline Clocking”, filed on December 18, 2018, which is herein

incorporated by reference in its entirety.

Statement of Federally Funded Research or Sponsorship
[002] This invention was made with government support under CCF1618065 awarded by the

National Science Foundation. The government has certain rights in the invention.

Background
[003] Some microprocessor designs have reached a bottleneck with respect to improvements
related to speed, e.g., which can cause delay in the transmission of data through
the microprocessor. The delay can occur when a system's bandwidth cannot support the
amount of information being relayed at the speed it is processed. Bottlenecks can affect
microprocessor performance by slowing down the flow of information between the computer
processing unit (CPU) and the memory. Dynamic voltage and frequency scaling (DVFS) 1s
a commonly used technique. DVFS is done at program level and cannot reach the instruction

level frequency scaling granularity.
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Brief Description of Drawings
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Fig. 1 illustrates dynamic timing slack observed at instruction level.

Fig. 2A 1s a block diagram of an example graphic processor.

FIG. 2B illustrates representative critical paths.

FIG. 2C illustrates an on-chip critical paths messenger circuit in the system.
Fig. 3A 1s a block diagram of an example hierarchical clocking scheme.
FIG. 3B illustrates an example of hierarchical clock distribution.

FIG. 3C illustrates an on-chip timing arbiter.

]
]
]
]
]
]
]
]

1] FIGs. 4A-4C 1illustrate an elastic timing redistribution scheme across pipelines for
machine learning.

2] FIG. 5 illustrates a flow chart of a representative dynamic clock management scheme.

Description

3] The disclosed processes enhance the efficiency and the operation microprocessors. The
improved method mediates the dynamic timing slack that often exists during microprocessor
operations. Dynamic timing slack refers to dynamic timing margin at each clock cycle
determined by the instructions executed in the pipeline. Some clocking schemes only use
worst-case timing of the design and hence do not exploit the dynamic timing slack. To
overcome these shortcomings, a dynamic clock management scheme utilizes the dynamic
timing slack leading to speedup of the microprocessor. An on-chip “critical path messenger”
generates a signal that predicts timing of the operation to guide the scaling of clock. An
elastic pipeline clock can be included where each pipeline stage can be dynamically managed
to improve the speed of microprocessor.

4] In some examples, systems can provide energy efficient wearable devices, Internet of
Things (IoT) devices, biomedical signal processing, etc. Some other applications include,
low power and high performance microprocessor designs, including CPU’s and graphical
processing units (GPU’s), low power digital signal processing (DSP) circuit designs, and/or
embedded microcontrollers used in IoT or wearable devices, etc. In some examples, the
systems can achieve ultra low power, easy implementation and/or low latency/computing
time for such devices. For example, the system can process physiological signals, such as
electromyography (EMG) or electrocardiography (ECG), in wearable devices for human
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assistance. Such devices can be used in broad application spaces including, but not limited
to, artificial intelligence, virtual reality, gaming, biomedical rehabilitation, etc. Currently to
process physiological signals, people usually rely on high-end embedded microprocessors or
personal computers to perform the computing job after the signals are captured by sensors.
The current state-of-art edge processing device or wearable device does not have built-in
machine learning function for processing physiological signals such as EMG or ECG signals.
Without the processing capability, large amounts of sensor data may need to be transferred
to a centralized microprocessor leading to large communication overhead and heavy
computing load to the processor. In this system, an integrated circuit includes a built-in
machine learning capability, distributed networking capability and special body channel
communication, in some examples achieving more than about ten thousand times lower
power than microprocessors, and avoiding communication bottlenecks at the microprocessor.

[015] An adaptive clock management scheme exploits instruction based dynamic timing slack
(DTS) for a general purpose graphic processor unit with deep pipeline and out-of-order
execution. Some advantages include single instruction level clock scaling leading to
performance gain and energy saving by exploiting dynamic timing slack at instruction level.
The elastic pipeline clocking allows redistribution of timing among pipeline stages as needed
leading to further performance gain and energy saving.

[016] Different from the critical path delay reported by the static timing analysis (STA), cycle-
by-cycle dynamic timing slack (DTS) has been widely observed at both program level and
instruction levels, with examples of workload-dependent Vmin in commercial processors.
Conventional DVFS works at program level and does not provide inadequate frequency
scaling granularity for instruction level timing management. Razor based techniques
essentially leverage error detection to exploit the DTS at cycle-by-cycle basis. However, it
requires additional error-detection circuits and architecture-level co-development for error
recovery. Supply droop based adaptive clocking was also proposed to reduce timing margin
under PVT variation. Recently, instruction based dynamic clock schemes were proposed to
enhance CPU’s operation based on timing variation of instructions executed at different
pipeline stages. A transitional STA is developed or evaluating the dynamic timing slack at
various instruction setting. For each pipeline stage, the input/output register conditions are

predefined during the transitional timing analysis. Instruction-dependent timing slack is
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observed.

[017] FIG. 5 illustrates a flow chart of a dynamic clock management scheme for executing
instructions in deep pipeline stages 210-228 of a processor 200, such as a graphical processor
unit (GPU). At step 502, the local clock generator 240 may determine a dynamic timing
slack (DTS) of all pipeline stages 210-228 in each local clock cycle 1-5, wherein the DTS 1s
a time margin 108 between an actual timing period 102 and a worst-case clock period 104 to
process all in-flight instructions by all the pipeline stages 210-228 of a computing unit (CU)
201 at a current local clock cycle 2, wherein the pipeline stages 210-228 in the CU 201 may
include: a first sequence of control pipeline stages 210-216 followed by a second sequence
of task execution pipeline stages 220-228.

[018] In practice, all pipeline stages 220-228 execute some instructions (referred in the claim
as in-flight instructions), and each pipeline stage has some timing requirement. A worst case
time period 104 among the ten pipeline stages 220-228 for each local clock cycle 1-5 1s
therefore chosen to avoid bottleneck. For example, every pipeline stage 220-228 in clock
cycles 1-3 should see an 1dentical clock period waveforms 151-153, respectively.

[019] In the processor 200 (such as a microprocessor), all pipeline stages 220-228 are working
simultaneously. At every clock cycle 1-5, each pipeline stage 220-228 may carry out
different instructions. For instance, an "ADD" instruction may pass through every control
pipeline stage 210-216 (e.g. IF, ID, EX, WB, etc.). At each pipeline stage, each instruction
may perform different tasks. For example, at “IF” pipeline stage 210, instruction "ADD"
may be launched from instruction cache buffer 232. At "ID" pipeline stage 214, the
instruction "ADD" may be decoded into an "addition" task. So, one instruction may need to
go through every control pipeline stage (210-216) to finish its job. For every clock cycle 1-
5, each control pipeline stage 210-216 may perform different instructions.

[020] At step 504, the DTS determination may include receiving simultaneously respective
critical path messenger signals 272-280 sent one local clock cycle earlier. For example, the
messenger signals received in clock cycle 2 from each of the first sequence of control pipeline
stages 210-216 and the second sequence of execution pipeline stages 218-228 may be
detected in clock cycle 1, and the messenger signals 272-282 may be used for DTS
determination and clock period adjustment in clock cycle 2.

[021] The respective critical path messenger signal 272-278 sent from each of the first sequence
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of control pipeline stages 210-216 may be triggered by a detection of a data transitioning 261
and a presence of a critical path 265 corresponding to a particular pipeline stage in the first
sequence of control pipeline stages 210-216 sent one local clock cycle earlier. In addition,
the respective critical path messenger signals 282 sent from each of the second sequence of
task execution pipeline stages 218-228 may be triggered by receiving of a real-time issued
instruction Opcode 280 or function code corresponding to a particular pipeline stage in the
second sequence of task execution pipeline stages sent one local clock cycle eralier.

[022] In practice, the "messengers" signals 272-280 may be detected at each stage and use the
worst case for every clock cycle. For "non-execution" or control pipeline stages 210-216,
the worst-timing (required clock cycle) is based on the real-time detected "messenger" signals
272-278 while in the "execution" pipeline stages 218-228, OPcode instructions 280, such as
e.g. "ADD" or "SUB" may be used to determine the worst-case timing needed for the current
clock cycle 1. The messenger signals 272-278 from the control pipeline stages 210-216 and
the Opcode instructions 280 from the execution pipeline stages 218-228 may be combined to
determine the worst-case timing 104, i.e. the longest clock cycle to apply for each of the
current clock cycles 1-5. For example, in a current clock cycle 2, pipeline stage 212 (second
pipeline stage) may receive a messenger signal 274 during an earlier clock cycle 1 which
indicates that the critical path delay in pipeline stage 212 may be the longest. Therefore, a
clock period 152 in the current clock cycle 2 may be adjusted to ensure that all the pipeline
stages 210-228 1n the current clock cycle 2 would be executed with no bottleneck.

[023] In step 504, the local clock period 151 of the current local clock cycle 2 may be adjusted
by a pre-determined amount 155 according to the determined DTS for all the pipeline stages
210-228. The adjusting may be to increase or decrease a local clock period 152 at the current
local clock cycle 2, by a predetermined amount of time 155 according to the determined DTS,
for all the pipeline stages 210-228.

[024] Referring to FIG. 3A, the adjusting of the local clock period 152 in current local cycle 2
may be accomplished by adjusting a phase 312 of an on-chip delay locked loop (DLL) local
clock generator 300 to cause a rising edge of the local clock period to shift forward or
backward by a time duration according to the determined DTS at the current local clock cycle
2. FIG. 3A further shows an on-chip timing arbiter circuit 310, which upon receiving one

local clock cycle earlier, the messenger signals 272-282 from the pipeline stages 210-228,
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the on-chip timing arbiter circuit 310 may send a phase selection signal 312 to select a suitable
amount of phase adjustment to the on-chip DLL local clock generator 320. The phase
adjustment of the on-chip DLL local clock generator 320 may result in shifting a rising edge
137 of the current clock cycle 2 to start earlier or to start later by a predetermined amount
according to the determined DTS in local clock cycle 2 (through the received messenger
signal one clock cycle earlier).

[025] Referring to FIG. 1, after the adjustment, the adjusted clock period waveform may no
longer be symmetrical, 1.e. not 50% duty cycle in both a high first period 131 and a low
second period 132. In the case of the adjusted local clock period 152 of local clock cycle 2,
it is shown in FIG. 1, that the high period 133 may still maintains at 50% of an unadjusted
constant local clock cycle 124, while the second low period 134 may be less than 50% of the
unadjusted constant local clock cycle 124. In practice, the computing unit (CU) operates on
arising edge 137 of each clock cycle, therefore an adjusted clock period 152 would not affect
the execution timing of the pipeline stages 210-228.

[026] At step 508 and referring to FIG. 4A, it may be determined from the messenger signals
274, 278 received one clock period earlier (i.e., in clock cycle 1) that pipeline stages “WA”
212 and pipeline stage “IS” 216 both may have a potential timing error due to critical path
delay. The on-chip timing arbiter circuit 310 may selectively perform some fine tune
adjustment to mitigate a timing bottleneck to both control pipeline stages 212 and 216
through an elastic timing redistribution scheme.

[027] More specifically, on-chip timing arbiter circuit 310 may send an elastic timing signal
314 to fine tune locally the clock period of the selected pipeline stages 212, 216. Such fine
tuning however, does not affect the already adjusted clock period of pipeline stage 210, 216
and 218, because the fine tuning 1s performed at a local clock circuit level and adjusted
individually without interacting with the on-chip DLL local clock generator 320. The elastic
timing signal 314 may cause an additional phase adjustment to only the pipeline clock circuits
316 and 318, such that the clock cycle period 330 which is sent to all the pipeline stages from
the on-chip DLL local clock generator 320, 1s locally increased in pipeline stage 212 from
clock period to a clock period 332, and locally increased in pipeline stage 216 from clock
period to a clock period 334. However, the clock cycle period of the subsequent pipeline

stages 214 and 218 are being redistributed through being “squeezed” from the initial clock
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period 330 to a redistributed clock period 336 and clock period 338, respectively.

[028] In another example, the dynamic clock management method may be machine trained to
automatically redistribute the clock period within the control pipeline stages to ease
bottleneck, without “squeezing” the clock period of the remaining pipeline stages if at least
one of the control pipeline stages 210-216 have been determined to suffer from timing error
due to insufficient margin to the clock period.

[029] When the control pipeline stage 212 is determined to have insufficient timing margin with
the initially adjusted clock period 340 provided by the on-chip DLL local clock generator
320, the timing arbiter 310 may be trained to send an elastic timing signal 314. The elastic
timing signal 314 automatically tunes all the control pipeline stages 210-216, locally by
adjusting a phase of all the clock circuits 315-318 for the control pipeline stages 210-216.
Accordingly, the clock period 340 may be uniformly adjusted further to a new local clock
period 350 for all of the control pipeline stages 210-216. In this regard, none of the control
pipeline stages 210-216 are “squeezed” to jeopardize their instruction executions in the
pipeline stages.

[030] Nevertheless, to keep a constant clock period, at least one of the last execution pipeline
stages 220 -228 may pay a penalty of being “squeezed” or reduced by a same amount of total
additional time margins added to the one or more selected first sequence of control pipeline
stages 210-218, in order to keep the local clock period constant to maintain smooth operations
for a next local clock cycle.

[031] At step 510, the pipeline stages may execute in real-time at the current clock cycle 2, the
in-flight instructions in each of the pipeline stages 210-228, according to the adjusted local
clock period 153 (or the further adjusted clock period if elastic time redistribution is
implemented), and repeat execution of subsequent in-flight instructions in each of the
pipeline stages 210-228 according to a subsequent adjusted local clock period 153, wherein
the subsequent adjusted local clock period 153v is dynamically adjusted according to a
subsequent determined DTS at a subsequent clock cycle 3.

[032] The disclosed dynamic clock management method may solve problems common in a
multi-core processor architecture having a plurality of CUs 201-202. The problems occur
when the execution pipeline stages in each CU execute in-flight instructions independent of

the other CUs 202, and the executions are out-of-order from each other under respective local
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clock periods generated by their own on-chip DLL local clock generators. The method may
also allow each CU accesses a same level two (L2) cache memory 250 shared with the other
CUs 202, through a scheduler 247 of an asynchronous memory interface 248, wherein the
on-chip DLL local clock generator 240 of each respective CU 201, 202 1s synchronized to a
same on-chip digital phase locked (PLL) global clock 340 according to a hierarchical clock
distribution system 360.

[033] Fig.1 shows the simulated dynamic timing slack across 10 pipeline stages of GPGPU used
in this work showing the histogram of wide timing distribution. Existing works are based on
simple in-order pipeline preventing the adoption of the techniques to more complex out-of-
order architecture. Secondly, all existing work has shallow pipelines. With deep pipeline and
multi-core operation, every stage can become timing bottleneck rendering difficulty in timing
management task across pipeline stages and lacks of clock synchronization across domains,
e.g. multi-cores and memory. Thirdly, there is lack of solution in existing work when the
critical non-execution pipeline stages become timing bottleneck limiting the performance
benefit of the techniques. To solve the challenges, an instruction based adaptive clock
management scheme can be utilized with the following techniques: (1) on-chip critical path
“messengers” which, different from critical paths, predict the appearances of critical path one
cycle earlier for dynamic clock scaling;

[034] Combination of real-time messengers and multi-stage timing arbiter circuits provide an
in-situ cycle-by-cycle clock management to the out-of-order deep pipeline operation; (2)
hierarchical clock circuitry including global PLL, local DLL, asynchronous clock interface
for multi-core clock management across clock domains; (3) elastic pipeline clocking scheme
to enhance neural network operation mitigating timing bottleneck generated from non-
execution stages.

[035] Fig. 2 shows the system diagram and the pipeline architecture of the implemented
GPGPU processor, which includes two CUs, each with 10 pipeline stages. Inside the
execution stage, there are 4 SIMD vector modules with both integer and floating modules,
and a Scalar ALU. The two CUs shares a L2 memory bank for the data communication
through an asynchronous interface. Critical path messenger may pessimistically predict the
appearance of a critical path in the next clock cycle. Two types of messengers are used. For

non-execution stage, such as a Fetch, Wavepool, etc., for example, the critical paths of
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control paths are traced at the roots of the operation, such as within the D pin of the flip-
flops. The messenger is formed by detection of transition of the critical signals delivering a
clock cycle lead time for clock controller to react. The detection of begin point of critical
paths significantly reduced the numbers of monitoring nodes due to the control flow of the
pipeline stages. Overall, only less than one percent of registers are selected as messengers
leading to negligible overhead. For the execution stage, the out-of-order issued instruction
opcode are used as messengers to explore instruction level timing variation. The selection of
messengers are decided through an internally developed transitional static- timing analysis
approach where cycle-by-cycle critical paths are identified at given pipeline conditions.

[036] Fig.3A-3C shows the hierarchical clocking scheme enabling instruction level clock phase
scaling. A global PLL delivers clock to local delay locked lock (DLL) for each CU and
associated L1 cache. The delayed phases on the DLL delay chain are carefully matched and
delivered through a glitch-free multiplexer leading to cycle- by-cycle clock period
adjustment. At each CU, a timing arbiter combines “messengers” from all pipeline stages and
arbitrate the clock period for the current cycle. For simplicity, only dynamic shrinking of a
clock period 1s allowed. Due to dynamic phase scaling of each CU, an asynchronous interface
is used to establish data communication between two CUs and L2 caches. A double-triggered
data buffer 1s used to ensure proper latching of the incoming data even with misalignment of
clock phases.

[037] To enhance the performance of GPGPU for machine learning application, an elastic
clocking mode 1s created by allowing additional timing margin into non-execution stages
removing timing bottleneck from non-execution stages as in Fig. 4A-4C. Essentially, the
timing 1s redistributed across stages to balance the operation. Tunable delay modules are
inserted at the root of clock distribution of each pipeline stage rendering elasticity of timing
margin at each stage. When the messenger inside one stage 1s observed while the following
stage does not receive messenger, the clock of the following registers 1s delayed without
changing the DLL clock. The redistribution propagates until reaching execution stage where
timing errors are tolerable to certain programs, e.g. neural network. Selective min-delay
padding was performed for this special mode at non-Execution stages, leading to 1.6% area
overhead.

[038] While various embodiments have been described, it can be apparent that many more
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embodiments and implementations are possible. Accordingly, the embodiments are not to

be restricted.
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Claims

We claim:

1. A dynamic clock management method for executing instructions in deep pipeline
stages of a processor, comprising:

determining a dynamic timing slack (DTS) of all pipeline stages in each local clock cycle,
wherein the DTS is a time margin between an actual timing period and a worst-case clock period to
process all in-flight instructions by all the pipeline stages of a computing unit (CU) at a current local
clock cycle, wherein the pipeline stages in the CU comprise: a first sequence of control pipeline
stages followed by a second sequence of task execution pipeline stages;

adjusting by increasing or decreasing a local clock period at the current local clock cycle, by
a predetermined amount of time according to a determined DTS, for all the pipeline stages;

executing in real-time at the current clock cycle, the in-flight instructions in each of the
pipeline stages according to an adjusted local clock period; and

repeat execution of subsequent in-flight instructions in each of the pipeline stages according
to a subsequent adjusted local clock period, wherein the subsequent adjusted local clock period is

dynamically adjusted according to a subsequent determined DTS at a subsequent clock cycle.

2. The dynamic clock management method of claim 1, wherein the DTS determination
comprising receiving simultaneously respective critical path messenger signal sent one local clock
cycle earlier, from each of the first sequence of control pipeline stages and the second sequence of

execution pipeline stages.

3. The dynamic clock management method of claim 2, wherein the respective critical
path messenger signal sent from each of the first sequence of control pipeline stages is triggered by
a detection of a data transitioning and a presence of a critical path corresponding to a particular

pipeline stage in the first sequence of control pipeline stages sent one local clock cycle earlier.
4. The dynamic clock management method of claim 2, wherein the respective critical

path messenger signal sent from each of the second sequence of task execution pipeline stages is

triggered by receiving of a real-time issued instruction Opcode or function code corresponding to a
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particular pipeline stage in a second sequence of task execution pipeline stages sent one local clock

cycle earlier.

5. The dynamic clock management method of claim 1, wherein the adjusting of the local
clock period comprising adjusting a phase of an on-chip delay locked loop (DLL) local clock
generator to cause a rising edge of the local clock period to shift forward or backward by a time

duration according to the determined DTS at the current local clock cycle.

6. The dynamic clock management method of claim 5, wherein the adjusting of the
phase of the on-chip DLL local clock generator comprising communicating to an on-chip timing
arbiter circuit to select a suitable amount of phase adjustment to the on-chip DLL local clock

generator.

7. The dynamic clock management method of claim 6, wherein the on-chip timing
arbiter circuit performs an elastic timing redistribution locally and individually, by adding an
additional phase adjustment to provide additional timing margin to the local clock period in order to

mitigate a timing bottleneck to one or more selected first sequence of control pipeline stages.

8. The dynamic clock management method of claim 7, wherein the an elastic timing
redistribution further comprising the on-chip timing arbiter circuit fixing the local clock period of
one or more of the second sequence execution pipeline stages at the current local clock cycle, such
that a second period of the local clock period of the second sequence execution pipeline stages is
reduced by a same amount of total additional time margins added to the one or more selected first
sequence of control pipeline stages, in order to keep local clock period constant to maintain smooth

operations for a next local clock cycle.

9. The dynamic clock management method of claim 1, wherein the CU is one of a multi-
core CUs within a processor, and the execution pipeline stages in each CU executes in-flight
instructions independently and out-of-order from each other according to a local clock periods

generated by its own on-chip DLL local clock generators.
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10.  The dynamic clock management method of claim 9, wherein each CU accesses a same
level two (L2) cache memory through a scheduler of an asynchronous memory interface, wherein an
on-chip DLL local clock generator of each CU is synchronized to a same on-chip digital phase locked

(PLL) global clock according to a hierarchical clock distribution system.
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502
Df:t‘ermine a DTSA of all pi peiiner stages /
in each current local clock cycle

l 504

Receive simultaneously, respective critical path /
messenger signals sent by the pipeline stages
one local clock cycle earlier

i 506

Adjust a local clock period of the current local clock //
cycle by a pre-determined amount according to the
determined DTS for all the pipeline stages

Perform elastic timing distribution locally to selected /
pipeline stages to mitigate timing bottleneck

k4
510
Carry out in-flight instructions in the pipeline stages //’
according to the adjusted local clock period
of the current local clock cycle
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