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EECS251B : Advanced Digital Circuits
and Systems

Lecture 24 — Clock Gating, Leakage, Sleep

Borivoje Nikoli¢

WCH CH32V003 - 0.1$ RISC-V 32-bit microcontroller : weekend die-
shot

February 1, 2024. Nanjing Qinheng Microelectronics (WCH) CH32V003 is a
0.1-0.15% 32-bit RISC-V microcontroller (16KiB flash, 2KiB SRAM). This
specific die was from J4AM6 variant in SO-8 package, but it is clear that die
is universal as it has way more than 8 pads. There was suspicion that
external flash is used similar to GD32, but this is not the case, at least in
VO0O3 line. It is now also supported by Arduino platform with open source
tools.

o~
t,

Die size 1732x1172 Jm. Smallest features visible from top layer are

250nm, but technology node is likely much finer. Comparing to time-proven 2
STM32F100C4T6B die area is 4.39x smaller, so it could be around 90nm. *? m m mmm

o
]
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0] !

https://zeptobars.com/en/read/wch-ch32v003-risc-v-riscv-microcontroller-10-cent
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Announcements

®* Homework 5 due next week

®* Quiz 4 today

® Project
® Pay attention to integration with other teams!

® Final presentations: May 2, Qam-12pm

® Final exam: April 26, in class
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Clock Gating
(Take two)
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Power /Energy Optimization Space

Constant Throughput/Latency

Variable Throughput/Latency

Energy Design Time Sleep Mode Run Time

Logic design

Scaled V DFS, DVS
Active 0 Clock gating

Trans. sizing

Stack effects

Trans sizing Sleep T's DVS
Leakage Scaling V, Multi-V,, Variable V, Variable V-,

+ Input control




Flop activity /
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Activity [%]

® Lots of flops don’t change their state very frequently Winer TVLSI4
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Clock gating

® Selective shut-down of a part of a clock tree

D
EN (Gating signal)
D Q
>Clk
>Clk
-
W Gated
l\ Gating Cell J clock signal
I/ Clock signal -
D
>Clk
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Clock gating cell types Cik

® Latch Free
EN

EN

' \ Gated_Clk : - :
J/ Gated_Clk r F
Clk

\ Glitches /

® Latch Based

Integrated Clock Gating Cell Latched_EN \

CCTTT T TTT T T T T T m e m T e |
N : Latched_EN !

o D Q ' Gated Clk
Clk :
———0Clk !

! |

! ! D Q

| |

! - |

| ) : >Clk

! o Gated_Clk

1




Value-based clock gating s

Bypass Resultg.g ‘/;L'[ + 0
Result - u| B
* If both input operands for add have all zeros in Camdde ] Resulis
Operand A v
their top 48 bits, these bits do not have to be ﬂ.’; ze
latched and sent to the functional units N2 Sl o z
high
® Zeros can be multiplexed onto the top 48 bits of .
registers
the result bus, rather than computed via the adder clk
Zerod8 Bypass | ck _| 48
* Low 16 bits are always latched normally ZerotS Regh | Gating i eser
Logic 10113
Zerod RegB - Latch Uit Resultgz 15
* High 48 bits are selectively latched based on o
Gated Clock
zero48 signal that accompanies the input operand 5 - ?
Operand B v
from the reservation stations or the bypass e
. &4 Baas B &4
network Latch
Operand B
ﬁ'lom
registers
]
Bisg \/
B
Latch
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Local Clock Gating

2
CKI ’: Q
0.85 e 085
D, 05
D o——|>c {>o
0.85
0.5 _?— 0.5

ECODFF!EGS TGFF

N
/

1
|
Data-Transition: 085 | 95 085 | 95
Look-Ahead | |__o|
|
|
Pulse \n XNOR

Generator

————————

— CKIB ‘Clock on demand’
Flip-flop

CP o
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Clock gating does not come for free /

300 {

Gating
No gating

” ' 4 ' 4 4 s 4 4 4 ” 4 ’\ (b b /\

Slack [ nSec ]

® Increases the number of critical paths Winer TVLSI4

EECS251B L24 SLEEP 10




Lowering Leakage During Design:
Multiple Thresholds
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Power /Energy Optimization Space

Constant Throughput/Latency Variable Throughput/Latency
Energy Design Time Sleep Mode Run Time
Logic design
_ Scaled V DFS, DVS
Active P Clock gating
Trans. sizing
Stack effects
. Sleep T’s
Trans sizing Multi.V DVS
Leak Scaling V Yoo !
eakage - I? VDD Variable Vy, Variable V;,
L + Input control




Using Multiple Thresholds

- Cell-by-cell V; assignment (not block level)

- Allows us to minimize leakage

- Achieves all-low-V performance

FF

1>

FF

P

FF

FF

DD
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Typical Technologies O/
¢ 2-3 Thresholds [(

® To choose from 4-6 in a node

® In bulk and finfet, but not in FDSOI (unless doped)

® Threshold voltage diff ~5-10x in leakage
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Lowering Leakage During
Design: Longer Channels
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Power /Energy Optimization Space

Constant Throughput/Latency Variable Throughput/Latency
Energy Design Time Sleep Mode Run Time
Logic design
_ Scaled V DFS, DVS
Active P Clock gating
Trans. sizing
Stack effects
- Sleep T’s
Trans sizing Multi.V DVS
Leak Scaling V Yoo !
eakage " I? VDD Variable Vy, Variable V;,
W=V + Input control




Leakage Current [nA]

Longer Channels

Leakage Current

Switching energy

WI/L = const.

nom

0.1 L 0.15 0.2 0.25 0.3

Gate Length [um]

s

*10% longer gates reduce leakage by g
35% (in 130nm)

* Increases switching energy by 21%
with W /L = const.

* Attractive when don’t have to increase W (memory)

* Doubling L reduces leakage by 3x (in 0.13um)

* Much stronger effect in e.g. 28nm!

* Effect improves with shorter channel devices

EECS251B L24 SLEEP
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Poly Bias c/

¢ 28FDSOI example

Vth[mV]
340-
PB O PB 16nm i
e1380m i 320-
s6nm 300
280-
260
240

L =24nm 220_‘"'lf"'W""r"'"I""f""1‘"‘I”"W""i""l"“l
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Lowering Leakage During
Design: Transistor Stacking
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Power /Energy Optimization Space

Constant Throughput/Latency

Variable Throughput/Latency

Energy Design Time Sleep Mode Run Time
Logic design
_ Scaled V DFS, DVS
Active P Clock gating
Trans. sizing
Multi-Vp,
Stack effects
- Sleep T’s
Trans sizing Multi.V
Leakage Scaling Vy, Var‘i‘a;;e o0 + Variable Vy,
+ Multi-Vy, "

+ Input control




Stack Effect

FJ.-J
N Fd'd' wiT ‘r.u-:m-&-r-
I-'J'-li'l-'-i-::'-r'
gl 1V -
- Reduction (in 0.13p):
Y + wjlfa.we.r L 4 High V, Low V,
2 NMOS 10.7X 9.96X

= 3 NMOS 21.1X 18.8X
= 4 NMOS 31.5X 26.7X
-;5 2 PMOS 8.6X 7.9X
= 3 PMOS 16.1X 13.7X
E 4 PMOS 23.1X 18.7X
Z

Narendra, ISLPED’01
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Stack Forcing — Gate replacement

<L

Input

<L

p—r

—

=W
L

Y2 W

1

Tradeoffs.

« W/2 — 1/3 of drive current, same loading
* 1.5W — 3x loading, same drive current

Narendra, ISLPED’01
EECS251B L24 SLEEP
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Lowering Leakage: Sleep

Mode
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Power /Energy Optimization Space

Constant Throughput/Latency

Variable Throughput/Latency

Energy Design Time Sleep Mode Run Time
Logic design
_ Scaled V DFS, DVS
Active P Clock gating
Trans. sizing
Stack effects
. Sleep T's
Trans sizing MUtV
Leakage Scaling Vy, Var‘i‘a;;e o0 + Variable Vy,
+ Multi-Vy, "

+ Input control




DVFS vs Gating s s

Core voltage*®

|

OEEL k| -

Performance States (P-States)
|

Core clock

alf off

PLL att

L1/L2 caches

' MmMs 53

M _Keli] [yysp
i B ommk k) e
el il

LLC/L3 cache
Power Wakeup time* (D
States
(C-States) l Package Pawer Hrdu:tim..
Idle power* Active
Transition energy”® ALtive - .
* Boigh SpEroximation =

Software Impact to Platform Energy-Efficiency — Intel
2011

®* The more resources are turned-off, the longer it takes to turn back-on and

the more transition energy is spent

EECS251B L24 SLEEP 25



Putting the processor to sleep during idle events O/

Task O Task 1 Task 1
End Available End

Active
Idle Time Active Time
. Clock Gated
fd’e . ] | | |
[ B 1 1 1
:gh‘::t;: Clock Gated : ) ! Task 1 End
! 2 : . C::" d J‘If:ss . With Power Gating
' = > enalty '
: : 1 : l
] 1
Active -
1
1
: ~100us Power Gated
1
Idie | . ; ; - s - : | ; : |
! P-State ! : Cache  State : Power : State 1 | Delay Introduced
1 1 1 1
:Changes: ! Flush | Save ' Gated ! Restore ' ' \ by Power Gating:
-—. e i g g " - !
bl Pl Lo 3 -l L - L ot L
PreFlush '
Time Arora HPCA15

®* Power-gating overheads (energy cost, delay) need to be less

than the leakage savings to make it worthwhile
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Gating Sequences

® Sequence of steps:
* Gate clock
® Isolate inputs
® Save (scan out)
® Reset

* Gate power

Keating, et al, Low Power Methodology Manual, 2009.

CLOCK || I || | || | I

N_ISOLATE

SAVE

N_RESET

N_PWRON

RESTORE




Hierarchical Power Gating

/

Rail-switched CPU Sub-system

Y

Rail-switched CPU Sub-system

ad

Power-Gated
CPU Core | | |
Integer Cache Memory Subsystem
Core
MAC VFP

Cache CPU MAC VFP |Power State
(OFF) (OFF) - Shutdown (Cache cleaned, VDDCPU off)

ON OFF - - Deep Sleep (Cache preserved)

ON ON OFF OFF  [Normal Operation

ON ON ON OFF |DSP workload

ON ON OFF ON Graphics workload

ON ON ON ON Intensive multimedia mode

Keating, et al, Low Power Methodology Manual, 2009.

Power-Gated
CPU Core|
Integer Cache Memory Subsystem
Core
MAC VFP
Cache CPU MAC VFP |Power State
(OFF) (OFF) (OFF) (OFF) |Shutdown (Cache cleaned, VDDCPU off)
ON OFF OFF OFF |Deep Sleep (Cache presened)
ON ON OFF OFF [Normal Operation
ON ON ON OFF |DSP workload
ON ON OFF ON Graphics workload
ON ON ON ON Intensive multimedia mode




Power Gating with Sleep Transistors

®* Key components:

®* Power gates (& controller)
® Leakage vs size

* Switched capacitance
* Slew-rate /rush current
® State preservation

® Energy overhead of sleep/wake-up transitions

EECS251B L24 SLEEP
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How to Size the Sleep Transistor?

® Don’t need both header and footer

® Circuits in active mode see the sleep transistor as extra power line
resistance

® The wider the sleep transistor, the better

* Wide sleep transistors cost area and are slow to turn on/off

®* Minimize the size of the sleep transistor for given ripple (e.g. 5%)
®* Need to find the worst-case vector

® Sleep transistor is not for free — it will degrade the performance in
active mode

®* Charging and discharging the virtual rails costs energy

®* Need to sequentially wake up




Sleep Transistor

High-VTH transistor (many in parallel) has to be very large for low resistance in

linear region

Low-VTH transistor needs much less area for the same resistance

MTCMOS | Boosted Non-
Sleep Boosted
Sleep
Sleep-TRsize | 5.1% 2.3% 3.2%
Leakage 1450X 3130X 11.5X
power
reduction
Virtual supply | 60 mV 59 mV 58 mv
bounce

Courtesy: R. Krishnamurthy, Intel

s
(
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Sleep Transistor Layout
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Sleep

transistor

cells

Area overhead

PMOS

6%

NMOS

3%

Tschanz, ISSCC’03
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Sleep in Standard Cells

All HVT (hvt_ ND2
.;;5?
O
S |
) b s~
All HVT
Perf. 1X
Leakage 1X
Area 1X

SCHEMATICS

LAYOUT

EECS251B L24 SLEEP  Uvieghara, ISSCC’04
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Sleep Transistor Grid

No sleep transistor

EECS251B L24 SLEEP

PMOS & NMOS
sleep transistors

Virtual VCC Viual VSS

Tschanz, ISSCC’03
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Power Gating

» No power gating

» “ldeal” power gating transient

» Realistic profile

Keating, et al, Low Power Methodology Manual, 2009.
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Preserving State O/

® Virtual supply collapse in sleep mode will cause the loss of state in (
D

registers (

® Putting the registers at nominal VDD would preserve the state
® These registers leak

® The second supply needs to be routed as well

® Can lower VDD in sleep

® Some impact on robustness, noise and SEU immunity

® State preservation and recovery



Scan-Based Retention O/

® Scan-out/scan-in state to preserve /restore state O
— |
g | - A imlE ~\ SYSTEM
T g LT c " |ouTPUTS
SYSTEM Uin im _ imlE L _ | pRIVEN
- - - ¥ A - “LOw”
INPUTS —r | - —| | M >
—1 [ g ™ | P ~ |[iNACTIVE)
IR . S WHEN
o — I L ™ | " JISOLATED
\ /8 [ Spp——
~ "V ~ BALANCING
SCAN-IN SCAN CHAINS CONFIGURED FOR FLOP SCAN-OUT
& RESTORE STATE SCAN RETENTION & SAVE STATE
DATA DATA

Keating, et al, Low Power Methodology Manual, 2009.



Retention Register Design

[Mutoh95]




Summary

® Clock Gating
® Multiple thresholds
® Longer channels

® Sleep modes

EECS251B L24 SLEEP
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Next Lecture

® Clock generation and distribution
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