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EECS251B : Advanced Digital Circuits
and Systems

Lecture 23 — Dynamic Voltage Scaling

Introducing Google Axion Processors, our new Arm-based CPUs

April 9, 2024. Amin Vahdat. “...Today, we are thrilled to announce the latest
incarnation of this work: Google Axion Processors, our first custom Arm®-based
CPUs designed for the data center. Axion delivers industry-leading performance
and energy efficiency and will be available to Google Cloud customers later this

year.”

Image source: Google
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Announcements

®* Homework 4 due this week

®* Quiz 4 next Tuesday, in class

® Project
® Good preliminary design review on Tuesday
® Pay attention to integration with other teams!

® Final presentations: May 2, Qam-12pm

® Final exam: April 26, in class




Multiple Supplies
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Presenter Notes
Presentation Notes
Main point here is to give you an idea of why you won’t be allowed to do certain things in design
All boil down to making sure the chip you get back behaves the way you expected
If don’t follow the rules, fab won’t guarantee functionality


Multiple Supply Voltages O/

® Block-level supply assignment (“power domains” or “voltage islands™) (

* Higher throughput/lower latency functions are implemented in higher V,

O
® Slower functions are implemented with lower V,

® Often called “Voltage islands”
®* Separate supply grids, level conversion performed at block boundaries

®* Multiple supplies inside a block
® Non-critical paths moved to lower supply voltage
® Level conversion within the block
® Physical design challenging

® (Not used in practice)



Power Domains

Utilize Unified Power Format (UPF) to capture design intent
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Typical Low Power SoC

Common Power Format (CPF) is similar

EECS251B L23 DVS

—

[Synopsys]




Power Domain Design Intent

top_wrapper

PMU

pgd_wrapper

some logic
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[ .

[ |
| | |
| | |
| I |
| I |
| | '
| | sigl '
| some logic | ;
: I sig2 |

| — T
| | I
| [ I
| [ I
| | |
: [ |

[

: sigh |sig5 I :

[ |
: aon_pgd_wrapper [ |

| |
| | I
| ' '
| l :

| |
| | |
| I sig3 :
: some logic :
: sigd |
]

[
[

[
| |
| |
| |
| |

[

reghA

https://visitutorials.com/upf-low-power-visi/
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There are primarily 3 power domains —

* Logic inside aon_wrapper [but not inside
aon_pgd_wrapper] is always-on.

* Logic inside pgd_wrapper can be power
gated.

* Logic inside aon_pgd_wrapper can be power
gated but won’t be power gated when
pgd_wrapper is powered ON.

There are two voltage domains —

* The supply voltage to logic inside aon_wrapper
[but not inside aon_pgd_wrapper] and logic inside
pgd_wrapper is 0.9V.

* The supply voltage to logic inside
aon_pgd_wrapper is 1.1V.

There are two registers — reg A and reg B. The state of
reg A needs to be retained in power gated state.
There are six signals sig1-sigé coming to and from
different logic blocks.
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—
H

Unified Power Format

Isol_aon_pgd_en A

Legend

Isolation Cell [clamp 0]

Isolation Cell [clamp 1]

High-to-Low Level Shifter

Low-to-High Level Shifter

There are primarily 3 power domains —

veeL vecl o
ommm e 1 # Create Power Domains
} : Switch : . .
; : ped_en [ \' \ swppd wiapper | create_power_domain pd_top -include_scope
| ! \mﬁedw . create_power_domain pd_aon -elements {aon_wrapper}
| | e i create_power_domain pd_gated -elements {pgd_wrapper}
i ] regh || ! .
PMU ] ! e : Lo ‘ ! create_power_domain pd_gated_aon -elements
} sol_pgd_en : B :
| J i i {{aon_wrapper/aon_pgd_wrapper}}
} sigl Vs E s i
somelcgic\j i sig2 é j i g some logic i
-~ 3 1 4 5
77777777777 pd_aon Y I I
VCCH
} 4‘ Switch i
3 aon_pgd_en ‘;\ sw_aon_pgd_wrapper | (\—@@
VCCH_gatedW i
_pgd_ :
i sig3
some logic i sigd

pd_gated_aon

* Logic inside aon_wrapper [but not inside aon_pgd_wrapper]
is always-on.

* Logic inside pgd_wrapper can be power gated.

* Logic inside aon_pgd_wrapper can be power gated but
won't be power gated when pgd_wrapper is powered ON.

https://visitutorials.com/upf-low-power-visi/
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Unified Power Format

pgd_en

\ sw_pgd_wrapper

VCCL_gate:

PMU

some logic
-

A

sig2 é

i
I
I
i
|
I
i
|
I
i
|
I
|
I
[ Isol_pgd_en
|
I
I
I
I
I
I
|
|
|
|
I
I
|

~f

Isol_aon_pgd_en A

I
} Switch:
1 aon_pgd_en [\

I

VCCH_gatedW

Legend

sig5

Isolation Cell [clamp 0]

some logic

sig3

d

sigd

sig6

Isolation Cell [clamp 1]

High-to-Low Level Shifter

Low-to-High Level Shifter

pd_gated_aon

https://visitutorials.com/upf-low-power-visi/
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# Create Supply Poris

create_supply_port VCCL -direction in -domain pd_top
create_supply_port VCCH -direction in -domain pd_top
create_supply_port GND -direction in -domain pd_top

# Create Supply Nets

create_supply_net VCCL -domain pd_top
create_supply_net VCCH -domain pd_top
create_supply_net GND -domain pd_top
create_supply_net VCCL -domain pd_aon -reuse
create_supply_net GND -domain pd_aon -reuse
create_supply_net VCCH -domain pd_gated_aon —reuse
create_supply_net VCCH_gated -domain pd_gated_aon
create_supply_net GND -domain pd_gated_aon -reuse
create_supply_net VCCL -domain pd_gated -reuse
create_supply_net VCCL_gated -domain pd_gated
create_supply_net GND -domain pd_gated -reuse

There are two voltage domains —

* The supply voltage to logic inside aon_wrapper [but not inside
aon_pgd_wrapper] and logic inside pgd_wrapper is 0.9V.

* The supply voltage to logic inside aon_pgd_wrapper is 1.1V.
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Unified Power Format

PMU

sigl J

some logic
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[ Isol_pgd_en
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I
I
I
I
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I
I
|

Isol_aon_pgd_en A

Switch:
aon_pgd_en [\

Legend

Isolation Cell [clamp 0] sig5

I

\ICCH_gatedW

sig6

some logic

sig3

sigd

Isolation Cell [clamp 1]

High-to-Low Level Shifter

Low-to-High Level Shifter

pd_gated_aon

https://visitutorials.com/upf-low-power-visi/
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# Connect Supply Nets with corresponding Ports

el connect_supply_net VCCL -ports VCCL
o | connect_supply_net VCCH -ports VCCH
A connect_supply_net GND -ports GND
EN Ry

# Establish Connections

set_domain_supply_net pd_top -primary_power_net VCCL -primary_ground_net
GND

set_domain_supply_net pd_aon -primary_power_net VCCL -primary_ground_net
GND

set_domain_supply_net pd_gated_aon -primary_power_net VCCH_gated -
primary_ground_net GND

set_domain_supply_net pd_gated -primary_power_net VCCL_gated -
primary_ground_net GND
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Unified Power Format

PMU

sigl J
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|
I
I
I
I
I
I
|
|
|
|
I
I
|

o

Isol_aon_pgd_en A

Switch:
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\ICCH_gatedW
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1
j aon_pgd_en [\
1
1

Legend

1

sig5
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some logic

sig3

sigd
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Isolation Cell [clamp 1]

1
1
1
1
1
High-to-Low Level Shifter j
1
1
1
1
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Low-to-High Level Shifter

pd_gated_aon

https://visitutorials.com/upf-low-power-visi/
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# Shut-Down Logic for pgd_wrapper & aon_pgd_wrapper
create_power_switch sw_pgd_wrapper \

-domain pd_gated \

-input_supply_port “sw_VCCL VCCL " \

-output_supply_port “sw_VCCL_gated VCCL_gated” \
-control_port “sw_pgd_en aon_wrapper/pmu/pgd_en” \
-on_state “SW_PGD_ON sw_VCCL {Isw_pgd_en}”
create_power_switch sw_aon_pgd_wrapper \

-domain pd_gated_aon \

-input_supply_port “sw_VCCH VCCH ” \
-output_supply_port “sw_VCCH_gated VCCH_gated” \
-control_port “sw_aon_pgd_en aon_wrapper/pmu/aon_pgd_en” \
-on_state “SW_AONPGD_ON sw_VCCH {lsw_aon_pgd_en}”
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Unified Power Format

pgd_en

A

VCCL_gated
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Isol_aon_pgd_en A

aon_pgd_en [\ sw_aon_pgd_wrapper

Legend

Isolation Cell [clamp 0] sig5

I

VCCH_gatedW

sig6

some logic

sig3

sigd

Isolation Cell [clamp 1]

High-to-Low Level Shifter

Low-to-High Level Shifter

pd_gated_aon
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# Isolation strategy

set_isolation isol_clamp1_sig_from_pgd \
-domain pd_gated \

-isolation_power_net VCCL \
-isolation_ground_net GND \

-clamp_value 1\

-elements {pgd_wrapper/sig2}
set_isolation_control isol_clamp1_sig_from_pgd \
-domain pd_gated \

-isolation_signal aon_wrapper/pmu/isol_pgd_en \
-isolation_sense low \

-location parent

set_isolation isol_clampO_sig_from_pgd \
-domain pd_gated \

-isolation_power_net VCCL \
-isolation_ground_net GND \

-clamp_value 0 \

-elements {pgd_wrapper/sig4}
set_isolation_control isol_clampO_sig_from_pgd \
-domain pd_gated \

-isolation_signal aon_wrapper/pmu/isol_pgd_en \
-isolation_sense low \

-location parent

11




Unified Power Format

[T 1Sh # Level Shifter strategy

| R pedvraer set_level_shifter LtoH_sig_to_aonpgd \
i | i Vccum} i -domain pd_gated_aon \
} < | i [ttt | pgd_wrapper | | . .
| = L e [ : -applies_to inputs \
i PMU ‘ ! Il i E ]
! i Isol_pgd_en : : -I"U|e IOW_fO_hlgh \
| | J | i -location self
} I sigl / : o : . .
! - \j | - J : z - : set_level_shifter HtoL_sig_from_aonpgd \
I some logic ‘ si : some logic |
i -»\_,i/‘ g é ' \_\_‘i\j -domain pd_gated_aon \
e —— —r R R S—— -applies_to outputs \

po-con po-gered -rule high_to_low \
Isol_aon_pgd_en A VCCH -|0C0ﬁ0n Self

o 1h _____

_aon_pgd_wrapper

VCCH_gated

1

1

I d

| aon_pgd_en /.y
»

1

1

1

Legend

Isolation Cell [clamp 0] sig5

some logic

sig6

Isolation Cell [clamp 1]

=

1
1
1
i
High-to-Low Level Shifter :
i
Low-to-High Level Shifter i

—
u

pd_gated_aon
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Unified Power Format

PMU

sigl J

some logic
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I
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I
[ Isol_pgd_en
|
I
I
I
I
I
I
|
|
|
|
I
I
|

Isol_aon_pgd_en A

Switch:
aon_pgd_en [\

Legend

Isolation Cell [clamp 0] sig5

I

\ICCH_gatedW

sig6

some logic

sig3

sigd

Isolation Cell [clamp 1]

=

High-to-Low Level Shifter

Low-to-High Level Shifter

—
H

pd_gated_aon
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# Retention strategy

set_retention pgd_retain \

-domain pd_gated \

-retention_power_net VCCL \
-retention_ground_net GND \

-elements {pgd_wrapper/regA}
set_retention_control pgd_retain \

-domain pd_gated \

-save_signal {aon_wrapper/pmu/ret_en high} \
-restore_signal {aon_wrapper/pmu/ret_en low}

There are two registers — reg A and reg B.

The state of reg A needs to be retained in power gated state.

13




Unified Power Format

Legend

Isolation Cell [clamp 0]

— Ll
VCCL_gatedW
N ————u! pgd_wrapp
& L ]
| "I regh ||
Isol_pgd_en
J regB
>
g some logic
A
pd_gated

some logic

@ Isolation Cell [clamp 1]

‘ LS ‘ High-to-Low Level Shifter

Low-to-High Level Shifter

https://visitutorials.com/upf-low-power-visi/
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# Create Power State Table C/
add_port_state VDDH \

-state {HighVoltage 1.1}

add_port_state VDDL \

-state {LowVoltage 0.9}

add_port_state sw_aon_pgd_wrapper/sw_VCCH_gated \
-state {HighVoltage 1.1} \

-state {aonpgd_off off}

add_port_state sw_pgd_wrapper/sw_VCCL_gated \
-state {LowVoltage 0.9} \

-state {pgd_off off}

create_pst pwr_state_table \

-supplies {VCCH VCCL VDDH_gated VDDL_gated}
add_pst_state PRE_BOOT \

-pst pwr_state_table \

-state { HighVoltage LowVoltage aonpgd_off pgd_off}
add_pst_state AONPGD_ON \

-pst pwr_state_table \

-state { HighVoltage LowVoltage HighVoltage pgd_off}
add_pst_state PGD_ON \

-pst pwr_state_table \

-state { HighVoltage LowVoltage aonpgd_off LowVoltage}
add_pst_state ALL_ON \

-pst pwr_state_table \

-state { HighVoltage LowVoltage HighVoltage LowVoltage} »




Unified Power Format
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B: @®

Legend

Isolation Cell [clamp 0]

Isolation Cell [clamp 1]

High-to-Low Level Shifter

Low-to-High Level Shifter

sig5

aon_pgd_wrapper

sigb

some logic

VCCL VCCL
N A
[ : : Switch: |
: i 1 pgd_en W\ sw_pgd_wrapper !
[ i 1 Ll :
I i i
| : | :
} ! i VCCL_gated !
: aon_wrapper | : Fe——————— | pgd_wrapper I
| : [ ret_en ! r 1 :
! : | > L] regA || !
| PMU . i - ' !
: i Isol_ped_en I i
I : ! I
I ! sigl 7 | !
! ¥ I
I i I I

i I
: some logic : sig2 ! some logic :
: | \ | !
I ! | |
I ! | |
| ! | |
[ R - 4 _____1
pd_aon pd_gated
Isol_aon_pgd_en
r VCCH
NS
Switch :
A N aon_pgd_en A\ sw_aon_pgd_wrapper f\_{sa
L gl
VCCH_gated

S O

pd_gated_aon
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Practical Examples

® Intel Skylake (ISSCC’16)

® Four power planes indicated by colors




Practical Examples /
® Intel 28-core Skylake-SP (ISSCC'18) ((

== Vecc: core supply (per core)
== } Vccclm: Un-core supply

== \/ccsa: System Agent supply
== \/ccio: Infrastructure supply

== Vccsfr: PLL supply

—} Vceddrd: DDR logic supply
- }Veeddra: DDR 1/0 supply

@)

H . ! - - | u

9 rimary VCC domains are partitioned into 35 VCC planes

EECS251B L23 DVS 17



Leakage Issue

® Driving from Vg, to Vg, » Level converter
Voo _Voon Yoo
IVes| > Vm ' J ILeak '
— j .
o Vou < Vioou | Vi, VooL )
=L T — [
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Multiple Supplies Within A Block O/

®* Downsizing, lowering the supply on the critical path will lower the ((

operating frequency

®* Downsize (lowering supply) non-critical paths
®* Narrows down the path delay distribution

® Increases impact of variations

Path Target Path Dpli.mi;ed _delay Target
count delay count distribution

Original delay : |
distribution ,

Original delay

Scaleq supply delay distribution

distribution

Delay Delay

EECS251B L23 DVS 19



Multiple Supplies in a Block

Conventional Design CVS Structure

FF [ Level-Shifting F/F

{FF FF [ {FF —Da—nj FF [
—Dj I — I
{FF Ho—8——po—1 T FF| {FF FF I
-{FF [* ‘ :)-—DO-FF—*—FF . D-FD | Dol FF |-
1FF DO—D—FF| 1FF [>—=D—{FF [
Critical Path Critical Path

Lower Vpp portion is shaded

M.Takahashi, ISSCC’98. “Clustered voltage scaling”

s

C

:



Multiple Supplies in a Block

CVS Layout:

I .evel
Converter VDDH cluster VDI cluster

> . S, _

2 |
< FF
- FF # /y /

FF VIDDH row

S R e

{"ritical Path

Usami’98
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Level-Converting Flip-Flop

L

CL

el

A A ol

PR

.

e T T T T T T T T T T T T T T T T T T T T T e T T



7)
L
>
Q
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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




Adaptive Supply Voltages

Self-timed
Processor

Exploit Data Dependent Computation Times To Vary the Supply

from [Nielsen94]
(IEEE Transactions on VLSI Systems)

EECS251B L23 DVS

25




Processors for Portable Devices

EECS251B L23 DVS

Performance (MIPS)

1000

.
o** £
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.
.
.
.
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.
’I .
L *
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.
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Py i
*

—_—
o

0.1 1
Processor Energy (Watt*sec)

* Eliminate performance <> energy trade-off

‘
o*
.
.

10

Burd
ISSCC’00

26




Typical MPEG IDCT Histogram
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Processor Usage Model O/

Desired Compute-intensive and g
Throughput low-latency processes
A

- = —A/—\—\— - Maximum Processor Speed

o
/ Background and time
System ldle high-latency processes
System Optimizations: .
» Maximize Peak Throughput ISSCC'00
FECS2518123 DVS  Minimize Average Energy/operation 28




Common Design Approaches (Fixed VDD) O/

Compute ASAP:; (
------- amnm "r Excess 7
= P throughput
Q i
<
>
=,
S . ¥ :
= Always high throughput time
g Clock Frequency Reduction:
2 lfCLK
a Reduced

Energy/operation remains unchanged ... time
while throughput scaled down with £, «

EECS251B L23 DVS 29




Scale Vp with Clock Frequency /

Constant supply voltage g

3.3V

~10x Energy

Reduction /
Reduce V,p, slow

circuits down.

Energy/operation
o
@)

0 0.5 1
Throughput (oc £ «) ISSCC00
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2-Power
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				0.87228		0.55079		0.0090316198				0.85676		0.31246		0.0015064585				0.88197		0.81988		0.0225747711				0.0009130052		0.0036863754		0.007166594				0.0003652021		0.0011170835		0.0017916485

				0.93968		0.55147		0.0102773605				0.9215		0.31255		0.0017949293				0.95524		0.82735		0.0318915413				0.001087836		0.004194841		0.0101242988				0.0004351344		0.0012711639		0.0025310747

				0.99729		0.55293		0.012952039				0.98988		0.31296		0.003109074				1.0129		0.83149		0.0370550525				0.0018842873		0.0052865465		0.0117635087				0.0007537149		0.0016019838		0.0029408772

				1.118		0.55838		0.022936284				1.1113		0.31323		0.0039744864				1.1257		0.84148		0.0495148295				0.0024087796		0.0093617486		0.0157189935				0.0009635118		0.0028368935		0.0039297484

				1.2334		0.56241		0.0303191294				1.2248		0.31385		0.0059617295				1.2421		0.85571		0.0672628402				0.0036131694		0.0123751549		0.0213532826				0.0014452678		0.0037500469		0.0053383206

				1.3423		0.56681		0.0383798043				1.3351		0.31425		0.0072438219				1.3414		0.8684		0.0830901245				0.0043901951		0.0156652263		0.0263778173				0.001756078		0.0047470383		0.0065944543

				1.4475		0.57243		0.0486754846				1.4376		0.31439		0.0076925542				1.4386		0.88258		0.1007757739				0.0046621541		0.0198675447		0.0319923092				0.0018648616		0.0060204681		0.0079980773

				1.5411		0.57889		0.0605100209				1.5353		0.31389		0.0060899388				1.5397		0.8985		0.1206315947				0.003690872		0.0246979677		0.0382957443				0.0014763488		0.0074842326		0.0095739361

				1.6393		0.58504		0.071776646				1.6283		0.31466		0.0085579666				1.6277		0.91225		0.1377809374				0.0051866464		0.0292965902		0.0437399801				0.0020746586		0.0088777546		0.010934995

				1.7217		0.59182		0.0841974133				1.7182		0.31572		0.0119555114				1.7136		0.92962		0.1594452344				0.0072457645		0.0343662911		0.0506175347				0.0028983058		0.0104140276		0.0126543837

				1.8076		0.59857		0.0965632213				1.8024		0.31695		0.0158979454				1.7915		0.94547		0.1792137494				0.0096351185		0.0394135597		0.0568932538				0.0038540474		0.0119435029		0.0142233134

				1.8919		0.60434		0.1071336973				1.8848		0.31739		0.0173082471				1.8705		0.96148		0.1991818204				0.0104898467		0.0437280397		0.063232324				0.0041959387		0.0132509211		0.015808081

				1.969		0.61092		0.1191880702				1.9656		0.31907		0.022693035				1.9422		0.97995		0.2222180648				0.0137533546		0.0486481919		0.0705454174				0.0055013418		0.0147418763		0.0176363543

				2.0414		0.61798		0.1321217895				2.045		0.32069		0.0278855092				2.0059		0.99745		0.244044501				0.0169003086		0.053927261		0.0774744448				0.0067601234		0.0163415942		0.0193686112

				2.1115		0.62565		0.1461730114				2.1168		0.32211		0.0324369371				2.0805		1.0156		0.2666816334				0.0196587497		0.0596624536		0.084660836				0.0078634999		0.0180795314		0.021165209

				2.1828		0.63329		0.1601692742				2.1853		0.3234		0.036571685				2.1399		1.0319		0.2870113996				0.0221646576		0.0653752139		0.09111473				0.008865863		0.0198106709		0.0227786825

				2.2471		0.64137		0.1749716044				2.2517		0.32486		0.0412513222				2.2042		1.0532		0.3135772905				0.0250008013		0.0714169814		0.0995483462				0.0100003205		0.0216415095		0.0248870865

				2.3158		0.64868		0.1883633166				2.3184		0.32646		0.0463796917				2.2585		1.0704		0.3350295592				0.028108904		0.0768829864		0.1063585902				0.0112435616		0.0232978747		0.0265896476

				2.373		0.65566		0.2011504781				2.3848		0.32754		0.0498413411				2.3128		1.0886		0.3577290529				0.0302068734		0.082102236		0.1135647787				0.0120827493		0.0248794654		0.0283911947

				2.4333		0.66441		0.2171802294				2.4501		0.3286		0.0532388859				2.3652		1.1079		0.3818004939				0.0322659914		0.0886449916		0.121206506				0.0129063966		0.0268621187		0.0303016265

				2.4944		0.67287		0.2326787088				2.5114		0.33019		0.0583352031				2.4172		1.1267		0.4052483225				0.0353546685		0.0949709016		0.1286502611				0.0141418674		0.0287790611		0.0321625653

				2.5521		0.68138		0.2482687869				2.57		0.33167		0.0630789448				2.472		1.1487		0.4326872708				0.0382296635		0.1013341987		0.1373610384				0.0152918654		0.0307073329		0.0343402596

				2.6016		0.68933		0.2628329608				2.6276		0.33366		0.0694573544				2.5137		1.1682		0.4570081569				0.0420953663		0.1072787595		0.1450819546				0.0168381465		0.032508715		0.0362704886

				2.6938		0.70413		0.28994614				2.7274		0.33594		0.0767652809				2.5905		1.2025		0.4997879718				0.0465244127		0.1183453633		0.1586628482				0.0186097651		0.0358622313		0.039665712

				2.7806		0.71925		0.3176455501				2.8236		0.33936		0.0877271707				2.669		1.2373		0.5431913991				0.0531679823		0.129651245		0.172441714				0.0212671929		0.039288256		0.0431104285

				2.8491		0.73246		0.3418458946				2.9058		0.34168		0.0951633065				2.731		1.2686		0.5822295393				0.0576747312		0.1395289366		0.1848347744				0.0230698925		0.0422814959		0.0462086936

				2.9331		0.74831		0.3708826439				2.994		0.34455		0.1043623193				2.7962		1.3041		0.6265060241				0.0632498905		0.151380671		0.1988908013				0.0252999562		0.0458729306		0.0497227003

				3.0098		0.76399		0.3996079581				3.0825		0.34784		0.1149075291				2.863		1.3412		0.6727780688				0.0696409267		0.163105289		0.2135803393				0.0278563707		0.0494258452		0.0533950848

				3.073		0.77765		0.4246326897				3.153		0.34999		0.1217987756				2.9184		1.3729		0.7123150989				0.0738174398		0.1733194652		0.2261317774				0.0295269759		0.0525210501		0.0565329444

				3.1723		0.80035		0.4662184443				3.2692		0.35506		0.1380492965				2.9968		1.4254		0.7777944074				0.0836662403		0.1902932426		0.2469188595				0.0334664961		0.057664619		0.0617297149

				3.2671		0.82327		0.5082072326				3.3844		0.35943		0.1520561556				3.0774		1.4788		0.8443962184				0.0921552458		0.2074315235		0.2680622916				0.0368620983		0.0628580374		0.0670155729

				3.3551		0.84674		0.5512036053				3.4903		0.36409		0.1669925318				3.1496		1.5325		0.9113721969				0.101207595		0.2249810634		0.2893245069				0.040483038		0.0681760798		0.0723311267

				3.4365		0.87065		0.5950060455				3.5952		0.36864		0.1815763326				3.2171		1.5867		0.9789717878				0.1100462622		0.2428596104		0.3107846945				0.0440185049		0.0735938213		0.0776961736

				3.5192		0.89436		0.6384420914				3.6971		0.37357		0.1973781211				3.2856		1.6408		1.0464466562				0.1196231037		0.2605886087		0.3322052877				0.0478492415		0.0789662451		0.0830513219

				3.5978		0.91836		0.682409409				3.7919		0.37873		0.2139171127				3.344		1.6961		1.1154181945				0.129646735		0.2785344527		0.3541010141				0.051858694		0.0844043796		0.0885252535

				3.7444		0.96754		0.7725057707				3.9773		0.38866		0.2457450559				3.4605		1.8064		1.2529871037				0.1489363975		0.3153084778		0.3977736837				0.059574559		0.0955480236		0.0994434209

				3.8761		1.0165		0.8621990987				4.1533		0.39867		0.2778294176				3.5687		1.9179		1.3920526828				0.1683814652		0.3519179995		0.4419214866				0.0673525861		0.106641818		0.1104803716

				3.9995		1.0663		0.9534312827				4.3179		0.40917		0.3114843424				3.6691		2.0296		1.5313677069				0.1887783894		0.3891556256		0.4861484784				0.0755113557		0.1179259472		0.1215371196

				4.1141		1.1165		1.0453962555				4.471		0.41937		0.344177698				3.76		2.142		1.6715557884				0.2085925442		0.4266923492		0.5306526312				0.0834370177		0.1293007119		0.1326631578

				4.2266		1.1667		1.1373612282				4.6191		0.43049		0.379819866				3.8458		2.2557		1.8133652623				0.2301938582		0.4642290727		0.5756715118				0.0920775433		0.1406754766		0.143917878

				4.3278		1.2179		1.2311581724				4.7615		0.44171		0.4157825571				3.9281		2.3679		1.9533038988				0.2519894286		0.5025135398		0.6200964758				0.1007957714		0.1522768302		0.155024119

				4.4261		1.269		1.3247719195				4.8958		0.45265		0.4508477836				4.0039		2.4828		2.0966100427				0.273241081		0.5407232325		0.6655904897				0.1092964324		0.163855525		0.1663976224

				4.5145		1.3204		1.4189352581				5.0254		0.46385		0.4867463701				4.0745		2.5976		2.239791464				0.2949978		0.5791572482		0.7110449092				0.11799912		0.1755021964		0.1777612273

				4.604		1.3719		1.5132817939				5.148		0.47533		0.5235424212				4.1426		2.7115		2.3818503829				0.3172984371		0.6176660383		0.7561429787				0.1269193748		0.1871715268		0.1890357447

				4.6861		1.424		1.6087275125

				4.95				2





2-Power

		



Vdd=4.0

Vdd=3.3

Vdd=2.5

trin/trout

dE/E

Short-Circuit Energy Consumption



2-ETR

		



Vdd=4.0

Vdd=3.3

Vdd=2.5



3-Delay

		

																						Elow		0.27

				Vdd(Vt)		Throughput		Energy				ETR										Ehigh		2.8

				1		0		0.04

				1.1428571429		0.0244140625		0.052244898				5.2244897959								% Low		Energy		EnergNorm

				1.2857142857		0.0771604938		0.066122449				2.0921556122								1%		2.77		0.99

				1.4285714286		0.140625		0.0816326531				1.4172335601								5%		2.67		0.95

				1.5714285714		0.2066115702		0.0987755102				1.1671715561								10%		2.55		0.91

				1.7142857143		0.2712673611		0.1175510204				1.0579591837								20%		2.29		0.82

				1.8571428571		0.3328402367		0.1379591837				1.0119401927								30%		2.04		0.73

				2		0.390625		0.16				1								40%		1.79		0.64

				2.1428571429		0.4444444444		0.1836734694				1.0089485013								50%		1.54		0.55

				2.2857142857		0.4943847656		0.2089795918				1.0319979844								60%		1.28		0.46

				2.4285714286		0.5406574394		0.2359183673				1.0653188776								70%		1.03		0.37

				2.5714285714		0.5835262346		0.2644897959				1.106594704								80%		0.78		0.28

				2.7142857143		0.6232686981		0.2946938776				1.1543455924								90%		0.52		0.19

				2.8571428571		0.66015625		0.3265306122				1.2075836252								95%		0.40		0.14

				3		0.6944444444		0.36				1.265625								100%		0.27		0.10

				3.1428571429		0.7263688017		0.3951020408				1.3279818594

				3.2857142857		0.7561436673		0.4318367347				1.3942970743

				3.4285714286		0.7839626736		0.4702040816				1.4643033684

				3.5714285714		0.81		0.5102040816				1.5377968317

				3.7142857143		0.8344119822		0.5518367347				1.6146192549

				3.8571428571		0.8573388203		0.5951020408				1.6946460459

				4		0.87890625		0.64				1.7777777778

				4.1428571429		0.8992271106		0.6865306122				1.8639341584

				4.2857142857		0.9184027778		0.7346938776				1.9530496509

				4.4285714286		0.9365244537		0.7844897959				2.0450702416

				4.5714285714		0.9536743164		0.8359183673				2.1399510204

				4.7142857143		0.9699265381		0.8889795918				2.2376543443

				4.8571428571		0.9853481834		0.9436734694				2.3381484281

				5		1		1				2.44140625





3-Delay

		



Throughput

Energy/operation

Vdd(VT)

Normalized Values

Energy, Throughput vs. Vdd(VT)



3-Energy

		



Throughput

Energy/operation



3-Tech

		



ETR

Vdd(VT)

Normalized Values

Energy, Throughput vs. Vdd(VT)



3-TransPwr

		



ETR



3-Ripple

		



DVSCPU

% Time in Low Throughput

Normalized Energy

Energy Efficiency vs. Low Throughput Mode



3-DlyVar

		



DVSCPU



3-PwrDist

		

						Data normalize to 3.3V										Data normalize to 4V										% Variation from average										Data normalize to 1.5V										% Variation from average												SenseAmp Delay																						Delay /

						Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM																								Delay		dDelay/dVdd		(dDel/DVdd)		Current

				5		1.4011		1.3551		1.3742																																																Vdd		Vtrip		dVbit		dVbit/Vdd				Vtrip		dVbit		dVbit/Vdd				14.5539222821		-1.7361821868		-8.3827160494		0.34355		-24.4002795791

				4.9		1.3843		1.3389		1.358																																																1.1		0.782		0.318		0.2890909091				0.705		0.395		0.3590909091				14.7275405007		-1.8447858665		-7.9833333333		0.33271		-23.9948704077

				4.8		1.3653		1.3223		1.3412																																																1.2		0.855		0.345		0.2875												14.9120190874		-1.94862097		-7.6526011561		0.321888		-23.7741113557

				4.7		1.3483		1.3052		1.3239																																																1.3		0.918		0.382		0.2938461538												15.1068811844		-2.0940002254		-7.2143646409		0.3111165		-23.1886275427

				4.6		1.3232		1.2876		1.3058																																																1.4		0.979		0.421		0.3007142857												15.3162812069		-2.2011279603		-6.9583783784		0.300334		-23.1687999973

				4.5		1.3065		1.2694		1.2873																																																1.5		1.04		0.46		0.3066666667				0.893		0.607		0.4046666667				15.536394003		-2.3772067486		-6.5355670103		0.2896425		-22.5642542455

				4.4		1.2821		1.2505		1.2679																																																1.6		1.09		0.51		0.31875												15.7741146778		-2.5409497117		-6.207960199		0.278938		-22.2556991124

				4.3		1.266		1.2312		1.2478																																																1.7		1.14		0.56		0.3294117647												16.028209649		-2.7170885143		-5.8990384615		0.268277		-21.9886105091

				4.2		1.2428		1.2113		1.227																																																1.8		1.2		0.6		0.3333333333												16.2999185004		-2.9208415431		-5.5805555556		0.25767		-21.6577620816

				4.1		1.2155		1.1907		1.2054																																																1.9		1.25		0.65		0.3421052632												16.5920026547		-3.141680976		-5.28125		0.247107		-21.3723204927

				4		1.1946		1.1695		1.183						1		1		1						1.00		1.00		1.00						4.3064167267		4.5435120435		4.5852713178						0.96		1.01		1.02								2		1.31		0.69		0.345				1.07		0.93		0.465				16.9061707523		-3.3966868891		-4.9772532189		0.2366		-21.036573199

				3.9		1.1681		1.1476		1.1597						0.9778168425		0.9812740487		0.9803043111						1.00		1.00		1.00						4.2108868061		4.4584304584		4.4949612403						0.96		1.02		1.02								2.1		1.37		0.73		0.3476190476												17.2458394412		-3.6599571199		-4.712033195		0.2261415		-20.8366584418

				3.8		1.1424		1.125		1.1356						0.9563033651		0.9619495511		0.9599323753						1.00		1.00		1.00						4.1182408075		4.3706293706		4.4015503876						0.96		1.02		1.02								2.2		1.43		0.77		0.35												17.6118351532		-3.9807029477		-4.4243027888		0.215764		-20.5052872066

				3.7		1.1167		1.1016		1.1105						0.9347898878		0.9419410004		0.938715131						1.00		1.00		1.00						4.0255948089		4.2797202797		4.3042635659						0.96		1.02		1.02								2.3		1.48		0.82		0.3565217391												18.009905448		-4.33473379		-4.154789272		0.2054425		-20.2236113367

				3.6		1.087		1.0775		1.0844						0.9099280094		0.9213339034		0.9166525782						0.99		1.01		1.00						3.9185291997		4.1860916861		4.2031007752						0.96		1.02		1.02								2.4		1.55		0.85		0.3541666667												18.443378827		-4.7093931183		-3.9162962963		0.195192		-20.0638156087

				3.5		1.0573		1.0526		1.0574						0.8850661309		0.9000427533		0.8938292477						0.99		1.01		1.00						3.8114635905		4.0893550894		4.0984496124						0.95		1.02		1.02								2.5		1.61		0.89		0.356												18.9143181388		-5.1636290654		-3.6629893238		0.185045		-19.7951272601

				3.4		1.0283		1.0268		1.0293						0.8607902227		0.8779820436		0.8700760778						0.99		1.01		1.00						3.7069214131		3.9891219891		3.9895348837						0.95		1.02		1.02								2.6		1.67		0.93		0.3576923077												19.4306810454		-5.6931895463		-3.4129692833		0.174981		-19.5047992826

				3.3		1		1		1		1				0.8371002846		0.8550662676		0.8453085376		0.8457613262				0.99		1.01		1.00		1.00				3.6049026676		3.885003885		3.8759689922		3.4387895461				0.95		1.03		1.02		0.93						2.7		1.73		0.97		0.3592592593												20		-6.2280882656		-3.2112582781		0.165		-19.4621713827

				3.2		0.9674		0.9724		0.9698						0.8098108153		0.8314664386		0.8197802198						0.99		1.01		1.00						3.4873828407		3.7777777778		3.7589147287						0.95		1.03		1.02								2.8		1.79		1.01		0.3607142857												20.6228088266		-6.9460750258		-2.9689873418		0.155168		-19.1340182368

				3.1		0.9331		0.9437		0.9382						0.7810982756		0.8069260368		0.79306847						0.98		1.02		1.00						3.3637346792		3.6662781663		3.6364341085						0.95		1.03		1.02								2.9		1.85		1.05		0.3620689655												21.3174163291		-7.6982828709		-2.7691131498		0.145421		-19.0420444767

				3		0.9019		0.914		0.9055						0.7549807467		0.7815305686		0.7654268808						0.98		1.02		1.00						3.2512617159		3.5508935509		3.5096899225						0.95		1.03		1.02								3		1.91		1.09		0.3633333333				1.42		1.58		0.5266666667				22.0872446162		-8.5906102856		-2.5710914454		0.135825		-18.9294418953

				2.9		0.8687		0.8834		0.8716						0.7271890172		0.7553655408		0.7367709214						0.98		1.02		1.00						3.1315789474		3.432012432		3.3782945736						0.94		1.04		1.02								3.1		1.98		1.12		0.3612903226												22.9463056448		-9.6569818113		-2.3761363636		0.126382		-18.8012245702

				2.8		0.8324		0.8511		0.8364						0.6968022769		0.7277469004		0.7070160609						0.98		1.02		1.00						3.0007209805		3.3065268065		3.2418604651						0.94		1.04		1.02								3.2		2.04		1.16		0.3625												23.9120038259		-10.9424773697		-2.1852459016		0.117096		-18.6620029859

				2.7		0.7986		0.8178		0.7998						0.6685082873		0.6992731937		0.6760777684						0.98		1.03		0.99						2.8788752704		3.1771561772		3.1						0.94		1.04		1.02								3.3		2.1		1.2		0.3636363636												25.0062515629		-12.4046759721		-2.0158730159		0.107973		-18.6701584273

				2.6		0.7614		0.7831		0.762						0.6373681567		0.6696023942		0.6441251057						0.98		1.03		0.99						2.7447728911		3.0423465423		2.9534883721						0.94		1.04		1.01								3.4		2.17		1.23		0.3617647059												26.2467191601		-14.2728111664		-1.8389312977		0.09906		-18.5638128176

				2.5		0.7247		0.7469		0.7227						0.6066465763		0.6386489953		0.6109044801						0.98		1.03		0.99						2.6124729632		2.9017094017		2.8011627907						0.94		1.05		1.01								3.5		2.23		1.27		0.3628571429												27.6740002767		-16.5151291974		-1.6756756757		0.0903375		-18.549059645

				2.4		0.688		0.7086		0.682						0.5759249958		0.6058999572		0.5765004227						0.98		1.03		0.98						2.4801730353		2.7529137529		2.6434108527						0.94		1.05		1.01								3.6		2.3		1.3		0.3611111111												29.3255131965		-19.2448680352		-1.5238095238		0.08184		-18.6193734581

				2.3		0.6484		0.6679		0.64						0.5427758245		0.5710987602		0.5409974641						0.98		1.04		0.98						2.3374188897		2.5947940948		2.480620155						0.95		1.05		1.00								3.7		2.36		1.34		0.3621621622												31.25		-22.7329869259		-1.3746543779		0.0736		-18.6773692647

				2.2		0.6085		0.6248		0.5966						0.5093755232		0.534245404		0.5043110735						0.99		1.04		0.98						2.1935832733		2.4273504274		2.3124031008						0.95		1.05		1.00								3.8		2.43		1.37		0.3605263158												33.5232986926		-27.282873143		-1.2287305122		0.065626		-18.7232272613

				2.1		0.5655		0.579		0.5517						0.4733802109		0.495083369		0.4663567202						0.99		1.04		0.98						2.0385724585		2.2494172494		2.138372093						0.95		1.05		1.00								3.9		2.5		1.4		0.358974359												36.2515860069		-33.0537601843		-1.0967462039		0.0579285		-18.9327568279

				2		0.5211		0.5309		0.5056		0.5377				0.4362129583		0.4539546815		0.4273879966		0.4547658651				0.99		1.03		0.97		1.03				1.8785147801		2.0625485625		1.9596899225		1.8490371389				0.96		1.05		1.00		0.95						4		2.56		1.44		0.36				1.8		2.2		0.55				39.5569620253		-40.9209951986		-0.9666666667		0.05056		-19.1191983122				XXX

				1.9		0.4755		0.4803		0.4582						0.3980411853		0.4106883283		0.3873203719						1.00		1.03		0.97						1.7141312185		1.865967366		1.7759689922						0.96		1.05		0.99																										43.6490615452		-51.7906345482		-0.8427983539		0.043529		-19.3617669579

				1.8		0.4282		0.4271		0.4096						0.3584463419		0.3651988029		0.346238377						1.01		1.02		0.97						1.5436193223		1.6592851593		1.5875968992						0.97		1.04		0.99																										48.828125		-67.4286694221		-0.7241448692		0.036864		-19.6436867734

				1.7		0.3794		0.3715		0.3599						0.317595848		0.3176571184		0.3042265427						1.01		1.01		0.97						1.3677000721		1.4432789433		1.3949612403						0.98		1.03		0.99																										55.5709919422		-90.9114837464		-0.6112648221		0.0305915		-19.9815250032

				1.6		0.3291		0.3143		0.3093						0.2754897037		0.2687473279		0.2614539307						1.03		1.00		0.97						1.1863734679		1.2210567211		1.1988372093						0.99		1.02		1.00																										64.6621403168		-128.5723952812		-0.5029239766		0.024744		-20.3250879651

				1.5		0.2774		0.2574		0.258		0.2908				0.232211619		0.2200940573		0.2180896027		0.2459473936				1.04		0.98		0.98		1.07				1		1		1		1				1.00		1.00		1.00		1.00																								77.519379845		-192.8604125862		-0.4019455253		0.01935		-20.7723785681

				1.4		0.2247		0.2026		0.2066						0.188096434		0.1732364258		0.1746407439						1.05		0.97		0.98						0.8100216294		0.7871017871		0.8007751938						1.01		0.98		1.00																										96.8054211036		-315.642836461		-0.3066929134		0.014462		-21.2068118784

				1.3		0.1717		0.152		0.1558						0.1437301189		0.1299700727		0.1316990702						1.06		0.96		0.97						0.618961788		0.5905205905		0.603875969						1.02		0.98		1.00																										128.3697047497		-581.9745942943		-0.2205761317		0.010127		-21.7809945381

				1.2		0.12		0.1071		0.1072		0.16				0.1004520342		0.0915775973		0.0906170752		0.1353218122				1.07		0.97		0.96		1.30				0.4325883201		0.4160839161		0.415503876		0.5502063274				1.03		0.99		0.99		1.21																								186.5671641791		-1235.1035520074		-0.1510538642		0.006432		-23.4847425635

				1.1		0.0737		0.0692		0.0645						0.061694291		0.0591705857		0.0545224007						1.06		1.01		0.93						0.2656813266		0.2688422688		0.25						1.02		1.03		0.96																										310.0775193798		-3091.1752705978		-0.100310559		0.0035475		-28.2764084584

				1		0.0378		0.0393		0.0323						0.0316423908		0.0336041043		0.0273034658						1.03		1.09		0.89						0.1362653208		0.1526806527		0.1251937984						0.99		1.11		0.91																										619.1950464396		6191.9504643963		0.1		0.001615		61.919504644
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3-SenseAmp
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RingOsc
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				Ring Oscillator

				Vdd		Throughput		Energy

				3.3		1		1

				3.2		0.9698		0.9365

				3.1		0.9382		0.8755

				3		0.9055		0.8168

				2.9		0.8716		0.7604

				2.8		0.8364		0.7064

				2.7		0.7998		0.6546

				2.6		0.762		0.6051

				2.5		0.7227		0.5578

				2.4		0.682		0.5126

				2.3		0.64		0.4695

				2.2		0.5966		0.4285

				2.1		0.5517		0.3895

				2		0.5056		0.3525

				1.9		0.4582		0.3174

				1.8		0.4096		0.2842

				1.7		0.3599		0.2527

				1.6		0.3093		0.2231

				1.5		0.258		0.1953

				1.4		0.2066		0.1693

				1.3		0.1558		0.1452

				1.2		0.1072		0.1228

				1.1		0.0645		0.108

				1		0.0323		0.098





		



RingOsc

Throughput

Energy/operation

Energy Reduction



		



RingOsc



		

				Ldrawn		Leff		Vt		Vmax		(Vmax/Vt)^2		Reference		Company		Process

				0.2		0.12		0.45		1.8		10.71		[alva99]		IBM

				0.2				0.25		1.8		26.45		[mizu99]		Hitachi

				0.22				0.6		2.5		12.76		www.umcgroup.com		UMC		L220

				0.25				0.5		2.5		17.36		dyee		ST

				0.25				0.55		2.5		14.79		www.mosis.edu		TSMC		mosis

				0.25				0.6		2.5		12.76		www.umcgroup.com		UMC		L250

				0.35				0.9		3.3		10.89		jrudell		ST

				0.35				0.6		3.3		22.22		www.nwl-eur.co.uk		NWL		NWL35-A

				0.35		0.3		0.6		3		18.37		www.towersemi.com		Tower		TS35

				0.35		0.25		0.35		2.5		30.86		[step98]		DEC-SA

				0.35				0.75		3.3		15.07		www.mosis.edu		TSMC		mosis

				0.35				0.6		3.3		22.22		www.mosis.edu		HP		mosis

				0.35				0.7		3.3		17.02		www.umcgroup.com		UMC		L250

				0.5				0.64		3.3		19.89		www.nwl-eur.co.uk		NWL		NWL5-A

				0.5		0.48		0.75		3		12.46		www.towersemi.com		Tower		TS50

				0.5		0.37		0.6		3.3		22.22		www.chips.ibm.com		IBM		CMOS5S

				0.6				0.75		3		12.46		www.towersemi.com		Tower		TS60

				0.6		0.43		0.85		3.3		12.07		www.mosis.edu		HP		mosis

				0.7				0.85		5		27.70		www.nwl-eur.co.uk		NWL		NWL7-A

				0.8		0.45		0.8		3.3		13.44		www.chips.ibm.com		IBM		CMOS4S

				0.8				0.85		5		27.70		www.mosis.edu		HP		mosis

				0.8		0.68		0.95		5		22.68		www.towersemi.com		Tower		TS80

				1		0.85		0.9		5		25.00		www.towersemi.com		Tower		TS100

				1.2				0.9		5		25.00		www.mosis.edu		HP		mosis





		



Vt

Vdd

Ldrawn

Volts

Technology Scaling



		



Ldrawn

(Vm/Vt)^2

Range of Vdd



		



Vt

Vdd



		





		

																														10		100		1000		30

						Trans/sec		33				Cap		Etran		Ptran		Pcpu		Ptot				Cap		Etran		Pcpu		Ptran										Pcpu

						Efficiency		0.9				(uF)		(uJ)		(mW)		(mW)		(mW)				(uF)		(uJ)		(mW)		(mW)										(mW)

						DeltaV		2.6				1		1.3		0.0429		3.4506		3.4935				0.1		0.13		3.24		0.0013		0.013		0.13		0.0039				5.346

						DeltaV^2		13				2		2.6		0.0858		3.3048		3.3906				0.2		0.26		3.24		0.0026		0.026		0.26		0.0078				4.4064

												5		6.5		0.2145		3.2724		3.4869				0.5		0.65		3.24		0.0065		0.065		0.65		0.0195				3.7908

						Pcpumin		3.24				10		13		0.429		3.24		3.669				1		1.3		3.24		0.013		0.13		1.3		0.039				3.4506

												20		26		0.858		3.24		4.098				2		2.6		3.24		0.026		0.26		2.6		0.078				3.3048

												50		65		2.145		3.24		5.385				5		6.5		3.24		0.065		0.65		6.5		0.195				3.2724

												100		130		4.29		3.24		7.53				10		13		3.24		0.13		1.3		13		0.39				3.24

																								20		26		3.24		0.26		2.6		26		0.78				3.24

																								50		65		3.24		0.65		6.5		65		1.95				3.24

																								100		130		3.24		1.3		13		130		3.9				3.24

																								200		260		3.24		2.6		26		260		7.8				3.24

																								500		650		3.24		6.5		65		650		19.5				3.24

																								1000		1300		3.24		13		130		1300		39				3.24





		





		

				Vdd(vt)		2.50%		5%		10%		20%

				1.1052631579		0.798678239		3.0372073975		10.0524602957		25.7869337537

				1.1315789474		0.6471985363		2.5074714226		8.8612508175		24.4445118205

				1.1578947368		0.544662625		2.1319445302		7.8268167273		23.1565992544

				1.1842105263		0.4707900053		1.8542335476		6.9710607393		21.9197801047

				1.2105263158		0.4150894228		1.6414188967		6.2685979313		20.7309261957

				1.2368421053		0.3716135775		1.4735209177		5.6887347302		19.5871604326

				1.2631578947		0.3367473751		1.3378642773		5.2052904204		18.486718117

				1.2894736842		0.3081697521		1.2260737606		4.7977813457		17.4440270838

				1.3157894737		0.284323466		1.1324152397		4.4505687069		16.4768155162

				1.3421052632		0.2641253422		1.0528404843		4.1517461735		15.5897955123

				1.3684210526		0.2467989092		0.9844147367		3.892195536		14.7807786553

				1.3947368421		0.2317731645		0.9249609599		3.6648674952		14.0444586291

				1.4210526316		0.2186189064		0.8728314506		3.464253359		13.3743753276

				1.4473684211		0.2070073347		0.8267569338		3.2860008472		12.7639095641

				1.4736842105		0.196682341		0.7857442666		3.1266343476		12.2067622327

				1.5		0.1874414889		0.7490054927		2.9833499058		11.6971610343

				1.5263157895		0.1791226644		0.7159076271		2.8538636381		11.2299254614

				1.5526315789		0.1715945192		0.6859364528		2.7362985254		10.8004604357

				1.5789473684		0.1647495074		0.6586699869		2.6290990005		10.4047164262

				1.6052631579		0.1584987305		0.6337587373		2.5309658452		10.0391361732

				1.6315789474		0.1527680659		0.6109108115		2.4408060775		9.7005984832

				1.6578947368		0.1474952207		0.5898805438		2.3576940115		9.3863642924

				1.6842105263		0.1426274634		0.5704597094		2.2808407235		9.0940273395

				1.7105263158		0.1381198581		0.5524706657		2.2095699075		8.8214702627

				1.7368421053		0.1339338756		0.5357609451		2.1432986264		8.5668261509

				1.7631578947		0.1300362912		0.5201989549		2.0815218498		8.3284451971

				1.7894736842		0.126398303		0.5056705275		2.0237999447		8.1048659422

				1.8157894737		0.1229948192		0.4920761325		1.9697484847		7.8947905551

				1.8421052632		0.1198038803		0.4793286063		1.9190298967		7.6970636122

				1.8684210526		0.1168061844		0.4673512919		1.8713465705		7.5106538849

				1.8947368421		0.1139846978		0.4560765031		1.826435144		7.3346386993

				1.9210526316		0.1113243311		0.4454442516		1.7840617364		7.1681904883

				1.9473684211		0.1088116694		0.4354011833		1.7440179529		7.0105652111

				1.9736842105		0.1064347466		0.4258996871		1.7061175192		6.8610923607

				2		0.104182855		0.4168971428		1.6701934331		6.7191663256

				2.0263157895		0.1020463839		0.4083552846		1.636095544		6.5842389036

				2.0526315789		0.1000166829		0.400239659		1.6036884867		6.455812801

				2.0789473684		0.0980859447		0.3925191623		1.5728499107		6.3334359728

				2.1052631579		0.0962471051		0.3851656429		1.5434689582		6.2166966855

				2.1315789474		0.0944937564		0.37815356		1.5154449486		6.1052191976

				2.1578947368		0.092820073		0.3714596876		1.4886862409		5.9986599739

				2.1842105263		0.0912207468		0.3650628582		1.4631092434		5.8967043591

				2.2105263158		0.0896909309		0.3589437401		1.4386375513		5.7990636479

				2.2368421053		0.0882261907		0.3530846424		1.4152011925		5.7054724996

				2.2631578947		0.086822461		0.347469345		1.3927359662		5.615686651

				2.2894736842		0.085476008		0.3420829485		1.3711828607		5.5294808892

				2.3157894737		0.0841833966		0.3369117429		1.3504875413		5.4466472508

				2.3421052632		0.0829414611		0.3319430911		1.3305998962		5.3669934188

				2.3684210526		0.0817472789		0.327165326		1.3114736353		5.2903412937

				2.3947368421		0.0805981481		0.3225676594		1.2930659332		5.2165257161

				2.4210526316		0.0794915668		0.3181401005		1.2753371116		5.1453933231

				2.4473684211		0.0784252149		0.3138733838		1.2582503559		5.0768015229

				2.4736842105		0.0773969379		0.3097589047		1.2417714617		5.0106175736

				2.5		0.0764047327		0.305788661		1.2258686081		4.946717754

				2.5263157895		0.0754467339		0.3019552018		1.2105121541		4.8849866157

				2.5526315789		0.0745212028		0.2982515802		1.1956744546		4.8253163087

				2.5789473684		0.0736265165		0.2946713122		1.1813296964		4.7676059704

				2.6052631579		0.0727611584		0.2912083378		1.1674537484		4.7117611726

				2.6315789474		0.0719237099		0.2878569879		1.1540240274		4.6576934202

				2.6578947368		0.0711128422		0.2846119524		1.1410193758		4.6053196949

				2.6842105263		0.0703273097		0.2814682531		1.1284199512		4.5545620411

				2.7105263158		0.0695659434		0.2784212174		1.1162071258		4.5053471873

				2.7368421053		0.068827645		0.2754664556		1.1043633951		4.4576062023

				2.7631578947		0.0681113819		0.27259984		1.0928722942		4.4112741797

				2.7894736842		0.0674161822		0.269817485		1.0817183225		4.3662899501

				2.8157894737		0.0667411302		0.2671157305		1.0708868735		4.3225958175

				2.8421052632		0.0660853627		0.2644911248		1.0603641717		4.280137317

				2.8684210526		0.065448065		0.2619404109		1.0501372145		4.2388629933

				2.8947368421		0.0648284677		0.2594605123		1.0401937183		4.1987241965

				2.9210526316		0.0642258434		0.2570485209		1.0305220701		4.159674894

				2.9473684211		0.0636395042		0.2547016859		1.021111282		4.1216714981

				2.9736842105		0.0630687989		0.2524174027		1.01195095		4.084672706

				3		0.0625131104		0.250193204		1.0030312154		4.0486393531

				3.0263157895		0.0619718537		0.2480267504		0.99434273		4.0135342766

				3.0526315789		0.0614444739		0.2459158222		0.9858766232		3.9793221898

				3.0789473684		0.060930444		0.2438583124		0.9776244722		3.9459695657

				3.1052631579		0.0604292635		0.241852219		0.9695782735		3.9134445292

				3.1315789474		0.0599404567		0.2398956387		0.9617304181		3.8817167565

				3.1578947368		0.0594635708		0.2379867611		0.9540736666		3.8507573827

				3.1842105263		0.058998175		0.2361238631		0.9466011275		3.820538915

				3.2105263158		0.058543859		0.2343053034		0.9393062367		3.7910351527

				3.2368421053		0.0581002319		0.2325295179		0.9321827378		3.7622211123

				3.2631578947		0.0576669208		0.2307950154		0.9252246648		3.7340729577

				3.2894736842		0.0572435701		0.229100373		0.918426325		3.7065679356

				3.3157894737		0.0568298401		0.2274442324		0.9117822841		3.6796843145

				3.3421052632		0.0564254067		0.2258252965		0.9052873512		3.6534013285

				3.3684210526		0.0560299601		0.2242423257		0.8989365654		3.6276991243

				3.3947368421		0.0556432039		0.222694135		0.8927251836		3.6025587114

				3.4210526316		0.0552648548		0.2211795906		0.8866486682		3.5779619166

				3.4473684211		0.0548946417		0.2196976076		0.8807026764		3.5538913398

				3.4736842105		0.0545323049		0.2182471474		0.8748830497		3.530330314

				3.5		0.0541775957		0.2168272148		0.8691858043		3.507262867

				3.5263157895		0.0538302759		0.2154368563		0.8636071222		3.4846736856

				3.5526315789		0.0534901168		0.2140751575		0.8581433424		3.4625480821

				3.5789473684		0.0531568993		0.2127412415		0.8527909528		3.4408719627

				3.6052631579		0.052830413		0.2114342667		0.8475465832		3.4196317981

				3.6315789474		0.0525104561		0.210153425		0.8424069979		3.3988145952

				3.6578947368		0.0521968346		0.2088979407		0.837369089		3.3784078712

				3.6842105263		0.0518893621		0.2076670681		0.8324298703		3.3583996284

				3.7105263158		0.0515878597		0.2064600906		0.8275864712		3.3387783316

				3.7368421053		0.0512921551		0.2052763191		0.8228361315		3.3195328854

				3.7631578947		0.0510020827		0.2041150909		0.818176196		3.3006526137

				3.7894736842		0.0507174831		0.2029757682		0.8136041093		3.2821272405

				3.8157894737		0.0504382028		0.2018577369		0.8091174114		3.2639468707

				3.8421052632		0.0501640941		0.2007604058		0.8047137336		3.2461019732

				3.8684210526		0.0498950147		0.1996832054		0.8003907935		3.2285833639

				3.8947368421		0.0496308274		0.1986255867		0.7961463918		3.2113821907

				3.9210526316		0.0493714		0.1975870208		0.7919784084		3.1944899178

				3.9473684211		0.0491166051		0.1965669974		0.7878847987		3.1778983126

				3.9736842105		0.0488663196		0.1955650243		0.7838635903		3.1615994317

				4		0.0486204249		0.1945806267		0.77991288		3.1455856087

				4.0263157895		0.0483788064		0.1936133462		0.7760308307		3.1298494423

				4.0526315789		0.0481413536		0.1926627402		0.7722156685		3.1143837845

				4.0789473684		0.0479079597		0.1917283814		0.7684656802		3.0991817304

				4.1052631579		0.0476785214		0.1908098566		0.7647792104		3.0842366078

				4.1315789474		0.0474529392		0.1899067669		0.7611546595		3.0695419673

				4.1578947368		0.0472311164		0.1890187265		0.7575904808		3.0550915733

				4.1842105263		0.0470129601		0.1881453623		0.7540851791		3.0408793952

				4.2105263158		0.0467983799		0.1872863135		0.7506373077		3.026899599





		





		





		

				VddNorm		Vdd		tgate		tinter		tdiff		tboth				tgate		tinter		tdiff		tgate+RC						tseries						trc						tgate + tseries

				1.0526315789		1.0		4.964E-08		6.057E-08				5.56E-08				-10.78%		8.87%		20.50%		9.32%		-1.91%										4.907E-09		-9.12%

				1.1578947368		1.1		2.685E-08		3.168E-08		3.471E-08		2.954E-08				-9.10%		7.26%		17.49%		8.11%		-1.84%				3.91E-08		32.47%				4.907E-09		-8.34%				0.0000000332		12.49%

				1.2631578947		1.2		1.769E-08		2.034E-08		2.203E-08		1.918E-08				-7.74%		6.08%		14.87%		7.38%		-1.66%				2.48E-08		29.07%				4.907E-09		-7.44%				0.0000000216		12.43%

				1.3684210526		1.3		1.310E-08		1.470E-08		1.575E-08		1.400E-08				-6.38%		5.01%		12.53%		6.80%		-1.37%				1.74E-08		24.14%				4.907E-09		-6.49%				0.0000000157		12.44%

				1.4736842105		1.4		1.039E-08		1.140E-08		1.209E-08		1.095E-08				-5.14%		4.04%		10.39%		6.32%		-1.10%				1.31E-08		19.16%				4.907E-09		-5.52%				0.0000000123		12.45%

				1.5789473684		1.5		8.631E-09		9.272E-09		9.746E-09		8.985E-09				-3.94%		3.20%		8.47%		5.98%		-0.74%				1.03E-08		14.94%				4.907E-09		-4.54%				0.0000000101		12.53%

				1.6842105263		1.6		7.417E-09		7.822E-09		8.147E-09		7.641E-09				-2.93%		2.38%		6.63%		5.65%		-0.56%				8.49E-09		11.16%				4.907E-09		-3.58%				0.0000000086		12.52%

				1.7894736842		1.7		6.531E-09		6.779E-09		6.998E-09		6.669E-09				-2.07%		1.65%		4.93%		5.40%		-0.42%				7.19E-09		7.81%				4.907E-09		-2.64%				0.0000000075		12.50%

				1.8947368421		1.8		5.854E-09		5.997E-09		6.137E-09		5.935E-09				-1.36%		1.04%		3.41%		5.25%		-0.32%				6.23E-09		4.91%				4.907E-09		-1.73%				0.0000000067		12.47%

				2		1.9		5.326E-09		5.391E-09		5.471E-09		5.361E-09				-0.67%		0.56%		2.04%		5.22%		-0.11%				5.49E-09		2.40%				4.907E-09		-0.85%				0.000000006		12.51%

				2.1052631579		2.0		4.902E-09		4.910E-09		4.942E-09		4.907E-09				-0.10%		0.06%		0.71%		5.16%		-0.04%				4.91E-09		0.13%				4.907E-09		0.00%				0.0000000055		12.49%

				2.2105263158		2.1		4.554E-09		4.519E-09		4.512E-09		4.535E-09				0.42%		-0.34%		-0.50%		5.18%		0.09%				4.45E-09		-1.85%				4.907E-09		0.82%				0.0000000051		12.50%

				2.3157894737		2.2		4.264E-09		4.196E-09		4.156E-09		4.226E-09				0.90%		-0.71%		-1.65%		5.20%		0.19%				4.08E-09		-3.57%				4.907E-09		1.61%				0.0000000048		12.50%

				2.4210526316		2.3		4.017E-09		3.924E-09		3.858E-09		3.966E-09				1.30%		-1.05%		-2.73%		5.26%		0.25%				3.76E-09		-5.12%				4.907E-09		2.37%				0.0000000045		12.49%

				2.5263157895		2.4		3.808E-09		3.694E-09		3.604E-09		3.745E-09				1.68%		-1.36%		-3.77%		5.32%		0.32%				3.50E-09		-6.46%				4.907E-09		3.10%				0.0000000042		12.49%

				2.6315789474		2.5		3.625E-09		3.496E-09		3.386E-09		3.554E-09				2.00%		-1.63%		-4.73%		5.41%		0.37%				3.28E-09		-7.61%				4.907E-09		3.81%				0.000000004		12.48%

				2.7368421053		2.6		3.468E-09		3.325E-09		3.197E-09		3.389E-09				2.32%		-1.88%		-5.67%		5.49%		0.44%				3.09E-09		-8.68%				4.907E-09		4.48%				0.0000000038		12.48%

				2.8421052632		2.7		3.326E-09		3.174E-09		3.031E-09		3.243E-09				2.57%		-2.11%		-6.54%		5.60%		0.47%				2.93E-09		-9.55%				4.907E-09		5.13%				0.0000000036		12.47%

				2.9473684211		2.8		3.203E-09		3.042E-09		2.885E-09		3.115E-09				2.84%		-2.33%		-7.39%		5.70%		0.51%				2.79E-09		-10.33%				4.907E-09		5.75%				0.0000000035		12.46%

				3.0526315789		2.9		3.093E-09		2.925E-09		2.755E-09		3.000E-09				3.08%		-2.50%		-8.19%		5.83%		0.58%				2.67E-09		-11.02%				4.907E-09		6.36%				0.0000000034		12.48%

				3.1578947368		3.0		2.994E-09		2.820E-09		2.639E-09		2.899E-09				3.28%		-2.70%		-8.96%		5.93%		0.59%				2.56E-09		-11.60%				4.907E-09		6.93%				0.0000000033		12.46%

				3.2631578947		3.1		2.905E-09		2.728E-09		2.536E-09		2.808E-09				3.47%		-2.84%		-9.68%		6.07%		0.64%				2.47E-09		-12.15%				4.907E-09		7.48%				0.0000000032		12.46%

				3.3684210526		3.2		2.826E-09		2.644E-09		2.442E-09		2.726E-09				3.66%		-3.02%		-10.44%		6.15%		0.63%				2.38E-09		-12.68%				4.907E-09		8.00%				0.0000000031		12.44%

				3.4736842105		3.3		2.753E-09		2.568E-09		2.357E-09		2.651E-09				3.85%		-3.14%		-11.09%		6.29%		0.71%				2.31E-09		-13.05%				4.907E-09		8.51%				0.000000003		12.46%

				3.5789473684		3.4		2.689E-09		2.499E-09		2.280E-09		2.584E-09				4.04%		-3.30%		-11.78%		6.37%		0.73%				2.23E-09		-13.53%				4.907E-09		8.99%				0.0000000029		12.45%

				3.6842105263		3.5		2.628E-09		2.435E-09		2.208E-09		2.522E-09				4.22%		-3.43%		-12.43%		6.49%		0.80%				2.17E-09		-13.78%				4.907E-09		9.46%				0.0000000028		12.47%

				3.7894736842		3.6		2.573E-09		2.378E-09		2.144E-09		2.466E-09				4.35%		-3.58%		-13.04%		6.55%		0.76%				2.12E-09		-14.16%				4.907E-09		9.90%				0.0000000028		12.43%

				3.8947368421		3.7		2.522E-09		2.324E-09		2.084E-09		2.413E-09				4.52%		-3.70%		-13.65%		6.66%		0.82%				2.07E-09		-14.40%				4.907E-09		10.33%				0.0000000027		12.45%

				4		3.8		2.474E-09		2.274E-09		2.028E-09		2.364E-09				4.64%		-3.81%		-14.24%		6.76%		0.83%				2.02E-09		-14.62%				4.907E-09		10.76%				0.0000000027		12.44%

				4.1052631579		3.9		2.431E-09		2.230E-09		1.977E-09		2.320E-09				4.80%		-3.89%		-14.79%		6.88%		0.91%				1.97E-09		-14.88%				4.907E-09		11.15%				0.0000000026		12.47%

				4.2105263158		4.0		2.393E-09		2.189E-09		1.931E-09		2.280E-09				4.93%		-4.02%		-15.31%		6.95%		0.92%				1.94E-09		-15.13%				4.907E-09		11.52%				0.0000000026		12.46%





		





		





		

																																																																		VT:		0.85

										1000										11.5																																												Noise Margin

																										I		I/V		I^2/V^2		dT/T(IR)												mV																		VDD/VT		VDD		VIL		VOL		VIH		VOH		NMH		NML		Nmave				Nmave/Vdd		VT/Vdd

				1.2		6.5		2.32		0.002				1		3.21E-04		1.30E-05		1.50E-04		0.2673645837		1		1.28E-03		5.11E-03		2.61E-05		0.1923359769		8.75E-01		1.20		2.32		0.0201214224				0.32		1.00												4.47E-03				1.0588235294		0.9		0.39		0.02		0.42		0.88		0.37		0.46		0.415				0.4611111111		0.9444444444

				1.24		8.6		3.25		0.003				1.1		4.89E-04		2.24E-05		2.58E-04		0.6613112834		1.1		1.02E-02		3.71E-02		0.0013790578		0.4757322379		6.00E-01		1.24		3.25		0.0281873374				2.55		1.10												2.23E-02				1.1764705882		1		0.42		0.02		0.46		0.98		0.4		0.52		0.46				0.46		0.85

				1.3		10.5		4.16		0.003				1.2		6.68E-04		3.43E-05		3.95E-04		0.9243185461		1.2		2.55E-02		8.51E-02		0.0072424476		0.6649336576		4.39E-01		1.30		4.16		0.0360797918				6.38		1.19												3.73E-02				1.2941176471		1.1		0.47		0.02		0.52		1.08		0.45		0.56		0.505				0.4590909091		0.7727272727

				1.4		13.8		5.88		0.004				1.3		8.56E-04		4.86E-05		5.59E-04		1.100791922		1.3		4.55E-02		1.40E-01		0.0195924127		0.7918845749		3.40E-01		1.40		5.88		0.0509973981				11.37		1.29		17.9		17.4		0.5		0.0279329609				4.76E-02				1.4117647059		1.2		0.52		0.02		0.57		1.18		0.5		0.61		0.555				0.4625		0.7083333333

				1.5		17.2		7.89		0.005				1.4		1.05E-03		6.48E-05		7.46E-04		1.2186130967		1.4		6.89E-02		1.97E-01		0.0387899581		0.8766424378		2.75E-01		1.50		7.89		0.0684301821				17.23		1.38												5.41E-02				1.7647058824		1.5		0.66		0.02		0.73		1.48		0.64		0.75		0.695				0.4633333333		0.5666666667

				1.6		21		10.3		0.006				1.5		1.25E-03		8.21E-05		9.44E-04		1.2958631321		1.5		9.51E-02		2.53E-01		0.064249441		0.9322143494		2.29E-01		1.60		10.3		0.0893321769				23.76		1.48												5.80E-02				2.3529411765		2		0.86		0.08		1.01		1.93		0.78		0.92		0.85				0.425		0.425

				1.8		28.3		15.8		0.009				1.6		1.46E-03		1.00E-04		1.15E-03		1.3445898637		1.6		1.23E-01		3.08E-01		0.0949828526		0.9672672476		1.95E-01		1.80		15.8		0.1370338248				30.82		1.57												6.02E-02				2.9411764706		2.5		1.04		0.14		1.33		2.37		0.9		1.04		0.97				0.388		0.34

				2.02		36.4		23		0.011				1.7		1.66E-03		1.18E-04		1.36E-03		1.3730077772		1.7		1.53E-01		3.60E-01		0.1299129699		0.9877104457		1.70E-01		2.02		23		0.1994796184				38.30		1.66												6.11E-02				3.8823529412		3.3		1.32		0.26		1.82		3.05		1.06		1.23		1.145				0.346969697		0.2575757576

				2.16		41.2		28		0.013				1.8		1.87E-03		1.37E-04		1.58E-03		1.3868286574		1.8		1.84E-01		4.10E-01		0.1680267959		0.9976528714		1.49E-01		2.16		28		0.2428447528				46.11		1.75		43.7		41.3		2.4		0.0549199085				6.12E-02				4.7058823529		4		1.59		0.37		2.26		3.62		1.22		1.36		1.29				0.3225		0.2125

				2.37		48.4		36.4		0.015				1.9		2.09E-03		1.56E-04		1.80E-03		1.3900913807		1.9		2.17E-01		4.57E-01		0.2084381428		1		1.33E-01		2.37		36.4		0.3156981787				54.22		1.85												6.08E-02

				2.56		54.6		44.7		0.017				2		2.30E-03		1.76E-04		2.02E-03		1.3856933308		2		2.50E-01		5.00E-01		0.2504032799		0.9968361433		1.20E-01		2.56		44.7		0.3876843018				62.55		1.94												6.01E-02

				2.77		60.6		54		0.019				2.1		2.52E-03		1.95E-04		2.25E-03		1.3757387943		2.1		2.84E-01		5.42E-01		0.2933144025		0.9896750771		1.09E-01		2.77		54		0.4683434519				71.08		2.03												5.91E-02

				2.97		66.3		63.9		0.022				2.2		2.74E-03		2.15E-04		2.47E-03		1.361772156		2.2		3.19E-01		5.80E-01		0.3366840305		0.9796277964		9.98E-02		2.97		63.9		0.554206418				79.78		2.12												5.79E-02

		*		3.33		73.1		77.7		0.023				2.3		2.96E-03		2.35E-04		2.70E-03		1.3449368988		2.3		3.55E-01		6.17E-01		0.3801269237		0.9675168967		9.19E-02		3.23		77.7		0.6738941891				88.63		2.21												5.67E-02

		*		3.49		77		86.5		0.025				2.4		3.18E-03		2.55E-04		2.93E-03		1.3260858241		2.4		3.90E-01		6.51E-01		0.4233426094		0.953955864		8.51E-02		3.39		86.5		0.7502168257				97.60		2.30												5.54E-02

				3.83		83.1		102.1		0.027				2.5		3.40E-03		2.75E-04		3.17E-03		1.305858605		2.5		4.27E-01		6.83E-01		0.4660998056		0.9394048644		7.92E-02		3.83		102.1		0.8855160451				106.67		2.39		73.7		69.4		4.3		0.0583446404				5.41E-02

				3.97		85.6		115.3		0.029				2.6		3.62E-03		2.95E-04		3.40E-03		1.28473709		2.6		4.63E-01		7.13E-01		0.5082231176		0.9242105288		7.40E-02		3.97		115.3		1				115.85		2.48												5.27E-02

														2.7		3.84E-03		3.16E-04		3.63E-03		1.2630852252		2.7		5.00E-01		7.41E-01		0.5495819587		0.9086346716		6.94E-02										125.10		2.57												5.14E-02

														2.8		4.06E-03		3.36E-04		3.87E-03		1.2411781904		2.8		5.38E-01		7.68E-01		0.5900814653		0.892875251		6.53E-02										134.43		2.67												5.02E-02

														2.9		4.29E-03		3.57E-04		4.10E-03		1.2192238789		2.9		5.75E-01		7.94E-01		0.629655121		0.8770818206		6.17E-02										143.82		2.76												4.89E-02

														3		4.51E-03		3.77E-04		4.34E-03		1.1973788774		3		6.13E-01		8.17E-01		0.6682588063		0.8613670253		5.84E-02										153.28		2.85												4.77E-02

														3.1		4.73E-03		3.98E-04		4.57E-03		1.1757604525		3.1		6.51E-01		8.40E-01		0.7058660184		0.845815224		5.54E-02										162.78		2.94												4.66E-02

														3.2		4.96E-03		4.18E-04		4.81E-03		1.154455611		3.2		6.89E-01		8.62E-01		0.7424640412		0.8304890075		5.27E-02										172.33		3.03												4.54E-02

														3.3		5.18E-03		4.39E-04		5.05E-03		1.1335279941		3.3		7.28E-01		8.82E-01		0.7780508834		0.8154341577		5.03E-02										181.93		3.12												4.44E-02

														3.4		5.40E-03		4.59E-04		5.28E-03		1.1130231567		3.4		7.66E-01		9.01E-01		0.812632833		0.8006834458		4.80E-02										191.56		3.21												4.33E-02

														3.5		5.63E-03		4.80E-04		5.52E-03		1.0929726329		3.5		8.05E-01		9.20E-01		0.8462225064		0.7862595568		4.60E-02										201.23		3.30												4.23E-02

														3.6		5.85E-03		5.00E-04		5.76E-03		1.0733970815		3.6		8.44E-01		9.37E-01		0.8788372949		0.7721773521		4.41E-02										210.93		3.39		107.6		102.4		5.2		0.0483271375				4.13E-02

														3.7		6.07E-03		5.21E-04		5.99E-03		1.0543087315		3.7		8.83E-01		9.54E-01		0.9104981275		0.758445629		4.23E-02										220.66		3.48												4.04E-02

														3.8		6.29E-03		5.41E-04		6.23E-03		1.0357132903		3.8		9.22E-01		9.70E-01		0.9412284888		0.7450684932		4.07E-02										230.42		3.57												3.95E-02

														3.9		6.52E-03		5.62E-04		6.46E-03		1.0176114379		3.9		9.61E-01		9.85E-01		0.9710536393		0.7320464338		3.92E-02										240.20		3.66												3.86E-02

														4		6.74E-03		5.82E-04		6.70E-03		1		4		1.00E+00		1.00E+00		1		0.7193771675												250.00		3.75
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												Normalized

								Inv		SA		Inv		SA

						-5		28.689		35		0.2143492063		0.6558641245

						-4		27.29		30.152		0.1551322751		0.4265032881

						-3		26		26.532		0.1005291005		0.2552396272

						-2		25.14		24.175		0.0641269841		0.143729006

						-1		24.327		22.465		0.0297142857		0.0628282159

						0		23.625		21.137		0		0

						1		22.971		20.06		-0.0276825397		-0.0509533046

						2		22.346		19.178		-0.0541375661		-0.0926810806

						3		21.797		18.43		-0.0773756614		-0.1280692624

						4		21.365		17.796		-0.0956613757		-0.1580640583

						5		20.939		17.242		-0.1136931217		-0.1842740219
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1

1

1

1.0149135914

0.9778168425

0.9803043111

0.9812740487

0.8457613262

0.9563033651

0.9599323753

0.9619495511

0.4547658651

0.9347898878

0.938715131

0.9419410004

0.2459473936

0.9099280094

0.9166525782

0.9213339034

0.1268641989

0.8850661309

0.8938292477

0.9000427533

0.0930337459

0.8607902227

0.8700760778

0.8779820436

0.8371002846

0.8453085376

0.8550662676

0.8098108153

0.8197802198

0.8314664386

0.7810982756

0.79306847

0.8069260368

0.7549807467

0.7654268808

0.7815305686

0.7271890172

0.7367709214

0.7553655408

0.6968022769

0.7070160609

0.7277469004

0.6685082873

0.6760777684

0.6992731937

0.6373681567

0.6441251057

0.6696023942

0.6066465763

0.6109044801

0.6386489953

0.5759249958

0.5765004227

0.6058999572

0.5427758245

0.5409974641

0.5710987602

0.5093755232

0.5043110735

0.534245404

0.4733802109

0.4663567202

0.495083369

0.4362129583

0.4273879966

0.4539546815

0.3980411853

0.3873203719

0.4106883283

0.3584463419

0.346238377

0.3651988029

0.317595848

0.3042265427

0.3176571184

0.2754897037

0.2614539307

0.2687473279

0.232211619

0.2180896027

0.2200940573

0.188096434

0.1746407439

0.1732364258

0.1437301189

0.1316990702

0.1299700727

0.1004520342

0.0906170752

0.0915775973

0.061694291

0.0545224007

0.0591705857



Power

		

				Vdd=3.3V								Vdd=2.5V								Vdd=4.0V								dE/E(linear norm)								dE/E(quadratic norm)

				Ratio		Energy		dE/E				Ratio		Energy		dE/E				Ratio		Energy		dE/E				Vdd=2.5		Vdd=3.3		Vdd=4.0				Vdd=2.5		Vdd=3.3		Vdd=4.0

				0.30723		0.54708		0.0022350053				2.63E-01		0.31545		0.011090099				0.32392		0.80178		0				0.0067212721		0.0009122471		0				0.0026885089		0.0002764385		0

				0.3794		0.54732		0.0026746785				0.34526		0.31422		0.007147665				0.405		0.80331		0.0019082541				0.0043319182		0.0010917055		0.000605795				0.0017327673		0.0003308199		0.0001514487

				0.463		0.54678		0.0016854138				0.41463		0.31329		0.0041668002				0.48513		0.80276		0.0012222804				0.0025253335		0.000687924		0.0003880255				0.0010101334		0.0002084618		0.0000970064

				0.52417		0.54586		0				0.49442		0.31395		0.0062822526				0.55209		0.8052		0.0042655092				0.0038074258		0		0.0013541299				0.0015229703		0		0.0003385325

				0.6027		0.54643		0.0010442238				0.5701		0.31356		0.0050322126				0.62426		0.80858		0.0084811295				0.0030498258		0.0004262138		0.0026924221				0.0012199303		0.0001291557		0.0006731055

				0.67726		0.5467		0.0015388561				0.63907		0.31312		0.003621911				0.69184		0.80726		0.0068347926				0.0021950976		0.0006281045		0.0021697754				0.000878039		0.0001903347		0.0005424439

				0.73926		0.54733		0.0026929982				0.71582		0.31199		0				0.75939		0.81126		0.0118236923				0		0.0010991829		0.0037535531				0		0.0003330857		0.0009383883

				0.8123		0.54841		0.0046715275				0.78828		0.31321		0.0039103817				0.82398		0.81645		0.0182967896				0.0023699283		0.0019067459		0.0058085046				0.0009479713		0.0005778018		0.0014521262

				0.87228		0.55079		0.0090316198				0.85676		0.31246		0.0015064585				0.88197		0.81988		0.0225747711				0.0009130052		0.0036863754		0.007166594				0.0003652021		0.0011170835		0.0017916485

				0.93968		0.55147		0.0102773605				0.9215		0.31255		0.0017949293				0.95524		0.82735		0.0318915413				0.001087836		0.004194841		0.0101242988				0.0004351344		0.0012711639		0.0025310747

				0.99729		0.55293		0.012952039				0.98988		0.31296		0.003109074				1.0129		0.83149		0.0370550525				0.0018842873		0.0052865465		0.0117635087				0.0007537149		0.0016019838		0.0029408772

				1.118		0.55838		0.022936284				1.1113		0.31323		0.0039744864				1.1257		0.84148		0.0495148295				0.0024087796		0.0093617486		0.0157189935				0.0009635118		0.0028368935		0.0039297484

				1.2334		0.56241		0.0303191294				1.2248		0.31385		0.0059617295				1.2421		0.85571		0.0672628402				0.0036131694		0.0123751549		0.0213532826				0.0014452678		0.0037500469		0.0053383206

				1.3423		0.56681		0.0383798043				1.3351		0.31425		0.0072438219				1.3414		0.8684		0.0830901245				0.0043901951		0.0156652263		0.0263778173				0.001756078		0.0047470383		0.0065944543

				1.4475		0.57243		0.0486754846				1.4376		0.31439		0.0076925542				1.4386		0.88258		0.1007757739				0.0046621541		0.0198675447		0.0319923092				0.0018648616		0.0060204681		0.0079980773

				1.5411		0.57889		0.0605100209				1.5353		0.31389		0.0060899388				1.5397		0.8985		0.1206315947				0.003690872		0.0246979677		0.0382957443				0.0014763488		0.0074842326		0.0095739361

				1.6393		0.58504		0.071776646				1.6283		0.31466		0.0085579666				1.6277		0.91225		0.1377809374				0.0051866464		0.0292965902		0.0437399801				0.0020746586		0.0088777546		0.010934995

				1.7217		0.59182		0.0841974133				1.7182		0.31572		0.0119555114				1.7136		0.92962		0.1594452344				0.0072457645		0.0343662911		0.0506175347				0.0028983058		0.0104140276		0.0126543837

				1.8076		0.59857		0.0965632213				1.8024		0.31695		0.0158979454				1.7915		0.94547		0.1792137494				0.0096351185		0.0394135597		0.0568932538				0.0038540474		0.0119435029		0.0142233134

				1.8919		0.60434		0.1071336973				1.8848		0.31739		0.0173082471				1.8705		0.96148		0.1991818204				0.0104898467		0.0437280397		0.063232324				0.0041959387		0.0132509211		0.015808081

				1.969		0.61092		0.1191880702				1.9656		0.31907		0.022693035				1.9422		0.97995		0.2222180648				0.0137533546		0.0486481919		0.0705454174				0.0055013418		0.0147418763		0.0176363543

				2.0414		0.61798		0.1321217895				2.045		0.32069		0.0278855092				2.0059		0.99745		0.244044501				0.0169003086		0.053927261		0.0774744448				0.0067601234		0.0163415942		0.0193686112

				2.1115		0.62565		0.1461730114				2.1168		0.32211		0.0324369371				2.0805		1.0156		0.2666816334				0.0196587497		0.0596624536		0.084660836				0.0078634999		0.0180795314		0.021165209

				2.1828		0.63329		0.1601692742				2.1853		0.3234		0.036571685				2.1399		1.0319		0.2870113996				0.0221646576		0.0653752139		0.09111473				0.008865863		0.0198106709		0.0227786825

				2.2471		0.64137		0.1749716044				2.2517		0.32486		0.0412513222				2.2042		1.0532		0.3135772905				0.0250008013		0.0714169814		0.0995483462				0.0100003205		0.0216415095		0.0248870865

				2.3158		0.64868		0.1883633166				2.3184		0.32646		0.0463796917				2.2585		1.0704		0.3350295592				0.028108904		0.0768829864		0.1063585902				0.0112435616		0.0232978747		0.0265896476

				2.373		0.65566		0.2011504781				2.3848		0.32754		0.0498413411				2.3128		1.0886		0.3577290529				0.0302068734		0.082102236		0.1135647787				0.0120827493		0.0248794654		0.0283911947

				2.4333		0.66441		0.2171802294				2.4501		0.3286		0.0532388859				2.3652		1.1079		0.3818004939				0.0322659914		0.0886449916		0.121206506				0.0129063966		0.0268621187		0.0303016265

				2.4944		0.67287		0.2326787088				2.5114		0.33019		0.0583352031				2.4172		1.1267		0.4052483225				0.0353546685		0.0949709016		0.1286502611				0.0141418674		0.0287790611		0.0321625653

				2.5521		0.68138		0.2482687869				2.57		0.33167		0.0630789448				2.472		1.1487		0.4326872708				0.0382296635		0.1013341987		0.1373610384				0.0152918654		0.0307073329		0.0343402596

				2.6016		0.68933		0.2628329608				2.6276		0.33366		0.0694573544				2.5137		1.1682		0.4570081569				0.0420953663		0.1072787595		0.1450819546				0.0168381465		0.032508715		0.0362704886

				2.6938		0.70413		0.28994614				2.7274		0.33594		0.0767652809				2.5905		1.2025		0.4997879718				0.0465244127		0.1183453633		0.1586628482				0.0186097651		0.0358622313		0.039665712

				2.7806		0.71925		0.3176455501				2.8236		0.33936		0.0877271707				2.669		1.2373		0.5431913991				0.0531679823		0.129651245		0.172441714				0.0212671929		0.039288256		0.0431104285

				2.8491		0.73246		0.3418458946				2.9058		0.34168		0.0951633065				2.731		1.2686		0.5822295393				0.0576747312		0.1395289366		0.1848347744				0.0230698925		0.0422814959		0.0462086936

				2.9331		0.74831		0.3708826439				2.994		0.34455		0.1043623193				2.7962		1.3041		0.6265060241				0.0632498905		0.151380671		0.1988908013				0.0252999562		0.0458729306		0.0497227003

				3.0098		0.76399		0.3996079581				3.0825		0.34784		0.1149075291				2.863		1.3412		0.6727780688				0.0696409267		0.163105289		0.2135803393				0.0278563707		0.0494258452		0.0533950848

				3.073		0.77765		0.4246326897				3.153		0.34999		0.1217987756				2.9184		1.3729		0.7123150989				0.0738174398		0.1733194652		0.2261317774				0.0295269759		0.0525210501		0.0565329444

				3.1723		0.80035		0.4662184443				3.2692		0.35506		0.1380492965				2.9968		1.4254		0.7777944074				0.0836662403		0.1902932426		0.2469188595				0.0334664961		0.057664619		0.0617297149

				3.2671		0.82327		0.5082072326				3.3844		0.35943		0.1520561556				3.0774		1.4788		0.8443962184				0.0921552458		0.2074315235		0.2680622916				0.0368620983		0.0628580374		0.0670155729

				3.3551		0.84674		0.5512036053				3.4903		0.36409		0.1669925318				3.1496		1.5325		0.9113721969				0.101207595		0.2249810634		0.2893245069				0.040483038		0.0681760798		0.0723311267

				3.4365		0.87065		0.5950060455				3.5952		0.36864		0.1815763326				3.2171		1.5867		0.9789717878				0.1100462622		0.2428596104		0.3107846945				0.0440185049		0.0735938213		0.0776961736

				3.5192		0.89436		0.6384420914				3.6971		0.37357		0.1973781211				3.2856		1.6408		1.0464466562				0.1196231037		0.2605886087		0.3322052877				0.0478492415		0.0789662451		0.0830513219

				3.5978		0.91836		0.682409409				3.7919		0.37873		0.2139171127				3.344		1.6961		1.1154181945				0.129646735		0.2785344527		0.3541010141				0.051858694		0.0844043796		0.0885252535

				3.7444		0.96754		0.7725057707				3.9773		0.38866		0.2457450559				3.4605		1.8064		1.2529871037				0.1489363975		0.3153084778		0.3977736837				0.059574559		0.0955480236		0.0994434209

				3.8761		1.0165		0.8621990987				4.1533		0.39867		0.2778294176				3.5687		1.9179		1.3920526828				0.1683814652		0.3519179995		0.4419214866				0.0673525861		0.106641818		0.1104803716

				3.9995		1.0663		0.9534312827				4.3179		0.40917		0.3114843424				3.6691		2.0296		1.5313677069				0.1887783894		0.3891556256		0.4861484784				0.0755113557		0.1179259472		0.1215371196

				4.1141		1.1165		1.0453962555				4.471		0.41937		0.344177698				3.76		2.142		1.6715557884				0.2085925442		0.4266923492		0.5306526312				0.0834370177		0.1293007119		0.1326631578

				4.2266		1.1667		1.1373612282				4.6191		0.43049		0.379819866				3.8458		2.2557		1.8133652623				0.2301938582		0.4642290727		0.5756715118				0.0920775433		0.1406754766		0.143917878

				4.3278		1.2179		1.2311581724				4.7615		0.44171		0.4157825571				3.9281		2.3679		1.9533038988				0.2519894286		0.5025135398		0.6200964758				0.1007957714		0.1522768302		0.155024119

				4.4261		1.269		1.3247719195				4.8958		0.45265		0.4508477836				4.0039		2.4828		2.0966100427				0.273241081		0.5407232325		0.6655904897				0.1092964324		0.163855525		0.1663976224

				4.5145		1.3204		1.4189352581				5.0254		0.46385		0.4867463701				4.0745		2.5976		2.239791464				0.2949978		0.5791572482		0.7110449092				0.11799912		0.1755021964		0.1777612273

				4.604		1.3719		1.5132817939				5.148		0.47533		0.5235424212				4.1426		2.7115		2.3818503829				0.3172984371		0.6176660383		0.7561429787				0.1269193748		0.1871715268		0.1890357447

				4.6861		1.424		1.6087275125

				4.95				2





Power

		



Vdd=4.0

Vdd=3.3

Vdd=2.5

trin/trout

dE/E

Short-Circuit Energy Consumption



ETR

		



Vdd=4.0

Vdd=3.3

Vdd=2.5



Delay

		

																						Elow		0.27

				Vdd(Vt)		Throughput		Energy				ETR										Ehigh		2.8

				1		0		0.04

				1.1428571429		0.0244140625		0.052244898				5.2244897959								% Low		Energy		EnergNorm

				1.2857142857		0.0771604938		0.066122449				2.0921556122								1%		2.77		0.99

				1.4285714286		0.140625		0.0816326531				1.4172335601								5%		2.67		0.95

				1.5714285714		0.2066115702		0.0987755102				1.1671715561								10%		2.55		0.91

				1.7142857143		0.2712673611		0.1175510204				1.0579591837								20%		2.29		0.82

				1.8571428571		0.3328402367		0.1379591837				1.0119401927								30%		2.04		0.73

				2		0.390625		0.16				1								40%		1.79		0.64

				2.1428571429		0.4444444444		0.1836734694				1.0089485013								50%		1.54		0.55

				2.2857142857		0.4943847656		0.2089795918				1.0319979844								60%		1.28		0.46

				2.4285714286		0.5406574394		0.2359183673				1.0653188776								70%		1.03		0.37

				2.5714285714		0.5835262346		0.2644897959				1.106594704								80%		0.78		0.28

				2.7142857143		0.6232686981		0.2946938776				1.1543455924								90%		0.52		0.19

				2.8571428571		0.66015625		0.3265306122				1.2075836252								95%		0.40		0.14

				3		0.6944444444		0.36				1.265625								100%		0.27		0.10

				3.1428571429		0.7263688017		0.3951020408				1.3279818594

				3.2857142857		0.7561436673		0.4318367347				1.3942970743

				3.4285714286		0.7839626736		0.4702040816				1.4643033684

				3.5714285714		0.81		0.5102040816				1.5377968317

				3.7142857143		0.8344119822		0.5518367347				1.6146192549

				3.8571428571		0.8573388203		0.5951020408				1.6946460459

				4		0.87890625		0.64				1.7777777778

				4.1428571429		0.8992271106		0.6865306122				1.8639341584

				4.2857142857		0.9184027778		0.7346938776				1.9530496509

				4.4285714286		0.9365244537		0.7844897959				2.0450702416

				4.5714285714		0.9536743164		0.8359183673				2.1399510204

				4.7142857143		0.9699265381		0.8889795918				2.2376543443

				4.8571428571		0.9853481834		0.9436734694				2.3381484281

				5		1		1				2.44140625





Delay

		



Throughput

Energy/operation

Vdd(VT)

Normalized Values

Energy, Throughput vs. Vdd(VT)



Energy

		



Throughput

Energy/operation



Tech

		



ETR

Vdd(VT)

Normalized Values

Energy, Throughput vs. Vdd(VT)



PowerDist

		



ETR



LowSwing

		



DVSCPU

% Time in Low Throughput

Normalized Energy

Energy Efficiency vs. Low Throughput Mode



Arm8Power

		



DVSCPU



Cache

		

						Data normalize to 3.3V										Data normalize to 4V										% Variation from average										Data normalize to 1.5V										% Variation from average												SenseAmp Delay

						Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM

				5		1.4011		1.3551		1.3742																																																Vdd		Vtrip		dVbit		dVbit/Vdd				Vtrip		dVbit		dVbit/Vdd

				4.9		1.3843		1.3389		1.358																																																1.1		0.782		0.318		0.2890909091				0.705		0.395		0.3590909091

				4.8		1.3653		1.3223		1.3412																																																1.2		0.855		0.345		0.2875

				4.7		1.3483		1.3052		1.3239																																																1.3		0.918		0.382		0.2938461538

				4.6		1.3232		1.2876		1.3058																																																1.4		0.979		0.421		0.3007142857

				4.5		1.3065		1.2694		1.2873																																																1.5		1.04		0.46		0.3066666667				0.893		0.607		0.4046666667

				4.4		1.2821		1.2505		1.2679																																																1.6		1.09		0.51		0.31875

				4.3		1.266		1.2312		1.2478																																																1.7		1.14		0.56		0.3294117647

				4.2		1.2428		1.2113		1.227																																																1.8		1.2		0.6		0.3333333333

				4.1		1.2155		1.1907		1.2054																																																1.9		1.25		0.65		0.3421052632

				4		1.1946		1.1695		1.183		1.2				1		1		1		1.0149135914				1.00		1.00		1.00						4.3064167267		4.5435120435		4.5852713178						0.96		1.01		1.02								2		1.31		0.69		0.345				1.07		0.93		0.465

				3.9		1.1681		1.1476		1.1597						0.9778168425		0.9812740487		0.9803043111						1.00		1.00		1.00						4.2108868061		4.4584304584		4.4949612403						0.96		1.02		1.02								2.1		1.37		0.73		0.3476190476

				3.8		1.1424		1.125		1.1356						0.9563033651		0.9619495511		0.9599323753						1.00		1.00		1.00						4.1182408075		4.3706293706		4.4015503876						0.96		1.02		1.02								2.2		1.43		0.77		0.35

				3.7		1.1167		1.1016		1.1105						0.9347898878		0.9419410004		0.938715131						1.00		1.00		1.00						4.0255948089		4.2797202797		4.3042635659						0.96		1.02		1.02								2.3		1.48		0.82		0.3565217391

				3.6		1.087		1.0775		1.0844						0.9099280094		0.9213339034		0.9166525782						0.99		1.01		1.00						3.9185291997		4.1860916861		4.2031007752						0.96		1.02		1.02								2.4		1.55		0.85		0.3541666667

				3.5		1.0573		1.0526		1.0574						0.8850661309		0.9000427533		0.8938292477						0.99		1.01		1.00						3.8114635905		4.0893550894		4.0984496124						0.95		1.02		1.02								2.5		1.61		0.89		0.356

				3.4		1.0283		1.0268		1.0293						0.8607902227		0.8779820436		0.8700760778						0.99		1.01		1.00						3.7069214131		3.9891219891		3.9895348837						0.95		1.02		1.02								2.6		1.67		0.93		0.3576923077

				3.3		1		1		1		1				0.8371002846		0.8550662676		0.8453085376		0.8457613262				0.99		1.01		1.00		1.00				3.6049026676		3.885003885		3.8759689922		3.4387895461				0.95		1.03		1.02		0.93						2.7		1.73		0.97		0.3592592593

				3.2		0.9674		0.9724		0.9698						0.8098108153		0.8314664386		0.8197802198						0.99		1.01		1.00						3.4873828407		3.7777777778		3.7589147287						0.95		1.03		1.02								2.8		1.79		1.01		0.3607142857

				3.1		0.9331		0.9437		0.9382						0.7810982756		0.8069260368		0.79306847						0.98		1.02		1.00						3.3637346792		3.6662781663		3.6364341085						0.95		1.03		1.02								2.9		1.85		1.05		0.3620689655

				3		0.9019		0.914		0.9055						0.7549807467		0.7815305686		0.7654268808						0.98		1.02		1.00						3.2512617159		3.5508935509		3.5096899225						0.95		1.03		1.02								3		1.91		1.09		0.3633333333				1.42		1.58		0.5266666667

				2.9		0.8687		0.8834		0.8716						0.7271890172		0.7553655408		0.7367709214						0.98		1.02		1.00						3.1315789474		3.432012432		3.3782945736						0.94		1.04		1.02								3.1		1.98		1.12		0.3612903226

				2.8		0.8324		0.8511		0.8364						0.6968022769		0.7277469004		0.7070160609						0.98		1.02		1.00						3.0007209805		3.3065268065		3.2418604651						0.94		1.04		1.02								3.2		2.04		1.16		0.3625

				2.7		0.7986		0.8178		0.7998						0.6685082873		0.6992731937		0.6760777684						0.98		1.03		0.99						2.8788752704		3.1771561772		3.1						0.94		1.04		1.02								3.3		2.1		1.2		0.3636363636

				2.6		0.7614		0.7831		0.762						0.6373681567		0.6696023942		0.6441251057						0.98		1.03		0.99						2.7447728911		3.0423465423		2.9534883721						0.94		1.04		1.01								3.4		2.17		1.23		0.3617647059

				2.5		0.7247		0.7469		0.7227						0.6066465763		0.6386489953		0.6109044801						0.98		1.03		0.99						2.6124729632		2.9017094017		2.8011627907						0.94		1.05		1.01								3.5		2.23		1.27		0.3628571429

				2.4		0.688		0.7086		0.682						0.5759249958		0.6058999572		0.5765004227						0.98		1.03		0.98						2.4801730353		2.7529137529		2.6434108527						0.94		1.05		1.01								3.6		2.3		1.3		0.3611111111

				2.3		0.6484		0.6679		0.64						0.5427758245		0.5710987602		0.5409974641						0.98		1.04		0.98						2.3374188897		2.5947940948		2.480620155						0.95		1.05		1.00								3.7		2.36		1.34		0.3621621622

				2.2		0.6085		0.6248		0.5966						0.5093755232		0.534245404		0.5043110735						0.99		1.04		0.98						2.1935832733		2.4273504274		2.3124031008						0.95		1.05		1.00								3.8		2.43		1.37		0.3605263158

				2.1		0.5655		0.579		0.5517						0.4733802109		0.495083369		0.4663567202						0.99		1.04		0.98						2.0385724585		2.2494172494		2.138372093						0.95		1.05		1.00								3.9		2.5		1.4		0.358974359

				2		0.5211		0.5309		0.5056		0.5377				0.4362129583		0.4539546815		0.4273879966		0.4547658651				0.99		1.03		0.97		1.03				1.8785147801		2.0625485625		1.9596899225		1.8490371389				0.96		1.05		1.00		0.95						4		2.56		1.44		0.36				1.8		2.2		0.55

				1.9		0.4755		0.4803		0.4582						0.3980411853		0.4106883283		0.3873203719						1.00		1.03		0.97						1.7141312185		1.865967366		1.7759689922						0.96		1.05		0.99

				1.8		0.4282		0.4271		0.4096						0.3584463419		0.3651988029		0.346238377						1.01		1.02		0.97						1.5436193223		1.6592851593		1.5875968992						0.97		1.04		0.99

				1.7		0.3794		0.3715		0.3599						0.317595848		0.3176571184		0.3042265427						1.01		1.01		0.97						1.3677000721		1.4432789433		1.3949612403						0.98		1.03		0.99

				1.6		0.3291		0.3143		0.3093						0.2754897037		0.2687473279		0.2614539307						1.03		1.00		0.97						1.1863734679		1.2210567211		1.1988372093						0.99		1.02		1.00

				1.5		0.2774		0.2574		0.258		0.2908				0.232211619		0.2200940573		0.2180896027		0.2459473936				1.04		0.98		0.98		1.07				1		1		1		1				1.00		1.00		1.00		1.00

				1.4		0.2247		0.2026		0.2066						0.188096434		0.1732364258		0.1746407439						1.05		0.97		0.98						0.8100216294		0.7871017871		0.8007751938						1.01		0.98		1.00

				1.3		0.1717		0.152		0.1558						0.1437301189		0.1299700727		0.1316990702						1.06		0.96		0.97						0.618961788		0.5905205905		0.603875969						1.02		0.98		1.00

				1.2		0.12		0.1071		0.1072		0.15				0.1004520342		0.0915775973		0.0906170752		0.1268641989				1.07		0.97		0.96		1.24				0.4325883201		0.4160839161		0.415503876		0.5158184319				1.03		0.99		0.99		1.16

				1.1		0.0737		0.0692		0.0645		0.11				0.061694291		0.0591705857		0.0545224007		0.0930337459				1.06		1.01		0.93						0.2656813266		0.2688422688		0.25						1.02		1.03		0.96

				1		0.0378		0.0393		0.0323						0.0316423908		0.0336041043		0.0273034658						1.03		1.09		0.89						0.1362653208		0.1526806527		0.1251937984						0.99		1.11		0.91
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RegFile

RingOsc
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				Ring Oscillator

				Vdd		Throughput		Energy

				3.3		1		1

				3.2		0.9698		0.9365

				3.1		0.9382		0.8755

				3		0.9055		0.8168

				2.9		0.8716		0.7604

				2.8		0.8364		0.7064

				2.7		0.7998		0.6546

				2.6		0.762		0.6051

				2.5		0.7227		0.5578

				2.4		0.682		0.5126

				2.3		0.64		0.4695

				2.2		0.5966		0.4285

				2.1		0.5517		0.3895

				2		0.5056		0.3525

				1.9		0.4582		0.3174

				1.8		0.4096		0.2842

				1.7		0.3599		0.2527

				1.6		0.3093		0.2231

				1.5		0.258		0.1953

				1.4		0.2066		0.1693

				1.3		0.1558		0.1452

				1.2		0.1072		0.1228

				1.1		0.0645		0.1023

				1		0.0323		0.0837





		



RingOsc

Throughput

Energy/operation

Energy Reduction



		



RingOsc



		

				Ldrawn		Leff		Vt		Vmax		(Vmax/Vt)^2		Reference		Company		Process

				0.2		0.12		0.45		1.8		10.71		[alva99]		IBM

				0.2				0.25		1.8		26.45		[mizu99]		Hitachi

				0.22				0.6		2.5		12.76		www.umcgroup.com		UMC		L220

				0.25				0.5		2.5		17.36		dyee		ST

				0.25				0.55		2.5		14.79		www.mosis.edu		TSMC		mosis

				0.25				0.6		2.5		12.76		www.umcgroup.com		UMC		L250

				0.35				0.9		3.3		10.89		jrudell		ST

				0.35				0.6		3.3		22.22		www.nwl-eur.co.uk		NWL		NWL35-A

				0.35		0.3		0.6		3		18.37		www.towersemi.com		Tower		TS35

				0.35		0.25		0.35		2.5		30.86		[step98]		DEC-SA

				0.35				0.75		3.3		15.07		www.mosis.edu		TSMC		mosis

				0.35				0.6		3.3		22.22		www.mosis.edu		HP		mosis

				0.35				0.7		3.3		17.02		www.umcgroup.com		UMC		L250

				0.5				0.64		3.3		19.89		www.nwl-eur.co.uk		NWL		NWL5-A

				0.5		0.48		0.75		3		12.46		www.towersemi.com		Tower		TS50

				0.5		0.37		0.6		3.3		22.22		www.chips.ibm.com		IBM		CMOS5S

				0.6				0.75		3		12.46		www.towersemi.com		Tower		TS60

				0.6		0.43		0.85		3.3		12.07		www.mosis.edu		HP		mosis

				0.7				0.85		5		27.70		www.nwl-eur.co.uk		NWL		NWL7-A

				0.8		0.45		0.8		3.3		13.44		www.chips.ibm.com		IBM		CMOS4S

				0.8				0.85		5		27.70		www.mosis.edu		HP		mosis

				0.8		0.68		0.95		5		22.68		www.towersemi.com		Tower		TS80

				1		0.85		0.9		5		25.00		www.towersemi.com		Tower		TS100

				1.2				0.9		5		25.00		www.mosis.edu		HP		mosis
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Ldrawn

(Vm/Vt)^2

Range of Vdd



		



Vt
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										1000										11.5																																												Noise Margin

																										I		I/V		I^2/V^2		dT/T(IR)												mV																				VDD		VIL		VOL		VIH		VOH		NMH		NML		Nmave				Nmave/Vdd

				1.2		6.5		2.32		0.002				1		3.21E-04		1.30E-05		1.50E-04		0.2673645837		1		1.28E-03		5.11E-03		2.61E-05		0.1923359769		8.75E-01		1.20		2.32		0.0201214224				0.32		1.00												4.47E-03						1		0.42		0.02		0.46		0.98		0.4		0.52		0.46				0.46

				1.24		8.6		3.25		0.003				1.1		4.89E-04		2.24E-05		2.58E-04		0.6613112834		1.1		1.02E-02		3.71E-02		0.0013790578		0.4757322379		6.00E-01		1.24		3.25		0.0281873374				2.55		1.10												2.23E-02						1.1		0.47		0.02		0.52		1.08		0.45		0.56		0.505				0.4590909091

				1.3		10.5		4.16		0.003				1.2		6.68E-04		3.43E-05		3.95E-04		0.9243185461		1.2		2.55E-02		8.51E-02		0.0072424476		0.6649336576		4.39E-01		1.30		4.16		0.0360797918				6.38		1.19												3.73E-02						1.2		0.52		0.02		0.57		1.18		0.5		0.61		0.555				0.4625

				1.4		13.8		5.88		0.004				1.3		8.56E-04		4.86E-05		5.59E-04		1.100791922		1.3		4.55E-02		1.40E-01		0.0195924127		0.7918845749		3.40E-01		1.40		5.88		0.0509973981				11.37		1.29		17.9		17.4		0.5		0.0279329609				4.76E-02						1.5		0.66		0.02		0.73		1.48		0.64		0.75		0.695				0.4633333333

				1.5		17.2		7.89		0.005				1.4		1.05E-03		6.48E-05		7.46E-04		1.2186130967		1.4		6.89E-02		1.97E-01		0.0387899581		0.8766424378		2.75E-01		1.50		7.89		0.0684301821				17.23		1.38												5.41E-02						2		0.86		0.08		1.01		1.93		0.78		0.92		0.85				0.425

				1.6		21		10.3		0.006				1.5		1.25E-03		8.21E-05		9.44E-04		1.2958631321		1.5		9.51E-02		2.53E-01		0.064249441		0.9322143494		2.29E-01		1.60		10.3		0.0893321769				23.76		1.48												5.80E-02						2.5		1.04		0.14		1.33		2.37		0.9		1.04		0.97				0.388

				1.8		28.3		15.8		0.009				1.6		1.46E-03		1.00E-04		1.15E-03		1.3445898637		1.6		1.23E-01		3.08E-01		0.0949828526		0.9672672476		1.95E-01		1.80		15.8		0.1370338248				30.82		1.57												6.02E-02						3.3		1.32		0.26		1.82		3.05		1.06		1.23		1.145				0.346969697

				2.02		36.4		23		0.011				1.7		1.66E-03		1.18E-04		1.36E-03		1.3730077772		1.7		1.53E-01		3.60E-01		0.1299129699		0.9877104457		1.70E-01		2.02		23		0.1994796184				38.30		1.66												6.11E-02						4		1.59		0.37		2.26		3.62		1.22		1.36		1.29				0.3225

				2.16		41.2		28		0.013				1.8		1.87E-03		1.37E-04		1.58E-03		1.3868286574		1.8		1.84E-01		4.10E-01		0.1680267959		0.9976528714		1.49E-01		2.16		28		0.2428447528				46.11		1.75		43.7		41.3		2.4		0.0549199085				6.12E-02

				2.37		48.4		36.4		0.015				1.9		2.09E-03		1.56E-04		1.80E-03		1.3900913807		1.9		2.17E-01		4.57E-01		0.2084381428		1		1.33E-01		2.37		36.4		0.3156981787				54.22		1.85												6.08E-02

				2.56		54.6		44.7		0.017				2		2.30E-03		1.76E-04		2.02E-03		1.3856933308		2		2.50E-01		5.00E-01		0.2504032799		0.9968361433		1.20E-01		2.56		44.7		0.3876843018				62.55		1.94												6.01E-02

				2.77		60.6		54		0.019				2.1		2.52E-03		1.95E-04		2.25E-03		1.3757387943		2.1		2.84E-01		5.42E-01		0.2933144025		0.9896750771		1.09E-01		2.77		54		0.4683434519				71.08		2.03												5.91E-02

				2.97		66.3		63.9		0.022				2.2		2.74E-03		2.15E-04		2.47E-03		1.361772156		2.2		3.19E-01		5.80E-01		0.3366840305		0.9796277964		9.98E-02		2.97		63.9		0.554206418				79.78		2.12												5.79E-02

		*		3.33		73.1		77.7		0.023				2.3		2.96E-03		2.35E-04		2.70E-03		1.3449368988		2.3		3.55E-01		6.17E-01		0.3801269237		0.9675168967		9.19E-02		3.23		77.7		0.6738941891				88.63		2.21												5.67E-02

		*		3.49		77		86.5		0.025				2.4		3.18E-03		2.55E-04		2.93E-03		1.3260858241		2.4		3.90E-01		6.51E-01		0.4233426094		0.953955864		8.51E-02		3.39		86.5		0.7502168257				97.60		2.30												5.54E-02

				3.83		83.1		102.1		0.027				2.5		3.40E-03		2.75E-04		3.17E-03		1.305858605		2.5		4.27E-01		6.83E-01		0.4660998056		0.9394048644		7.92E-02		3.83		102.1		0.8855160451				106.67		2.39		73.7		69.4		4.3		0.0583446404				5.41E-02

				3.97		85.6		115.3		0.029				2.6		3.62E-03		2.95E-04		3.40E-03		1.28473709		2.6		4.63E-01		7.13E-01		0.5082231176		0.9242105288		7.40E-02		3.97		115.3		1				115.85		2.48												5.27E-02

														2.7		3.84E-03		3.16E-04		3.63E-03		1.2630852252		2.7		5.00E-01		7.41E-01		0.5495819587		0.9086346716		6.94E-02										125.10		2.57												5.14E-02

														2.8		4.06E-03		3.36E-04		3.87E-03		1.2411781904		2.8		5.38E-01		7.68E-01		0.5900814653		0.892875251		6.53E-02										134.43		2.67												5.02E-02

														2.9		4.29E-03		3.57E-04		4.10E-03		1.2192238789		2.9		5.75E-01		7.94E-01		0.629655121		0.8770818206		6.17E-02										143.82		2.76												4.89E-02

														3		4.51E-03		3.77E-04		4.34E-03		1.1973788774		3		6.13E-01		8.17E-01		0.6682588063		0.8613670253		5.84E-02										153.28		2.85												4.77E-02

														3.1		4.73E-03		3.98E-04		4.57E-03		1.1757604525		3.1		6.51E-01		8.40E-01		0.7058660184		0.845815224		5.54E-02										162.78		2.94												4.66E-02

														3.2		4.96E-03		4.18E-04		4.81E-03		1.154455611		3.2		6.89E-01		8.62E-01		0.7424640412		0.8304890075		5.27E-02										172.33		3.03												4.54E-02

														3.3		5.18E-03		4.39E-04		5.05E-03		1.1335279941		3.3		7.28E-01		8.82E-01		0.7780508834		0.8154341577		5.03E-02										181.93		3.12												4.44E-02

														3.4		5.40E-03		4.59E-04		5.28E-03		1.1130231567		3.4		7.66E-01		9.01E-01		0.812632833		0.8006834458		4.80E-02										191.56		3.21												4.33E-02

														3.5		5.63E-03		4.80E-04		5.52E-03		1.0929726329		3.5		8.05E-01		9.20E-01		0.8462225064		0.7862595568		4.60E-02										201.23		3.30												4.23E-02

														3.6		5.85E-03		5.00E-04		5.76E-03		1.0733970815		3.6		8.44E-01		9.37E-01		0.8788372949		0.7721773521		4.41E-02										210.93		3.39		107.6		102.4		5.2		0.0483271375				4.13E-02

														3.7		6.07E-03		5.21E-04		5.99E-03		1.0543087315		3.7		8.83E-01		9.54E-01		0.9104981275		0.758445629		4.23E-02										220.66		3.48												4.04E-02

														3.8		6.29E-03		5.41E-04		6.23E-03		1.0357132903		3.8		9.22E-01		9.70E-01		0.9412284888		0.7450684932		4.07E-02										230.42		3.57												3.95E-02

														3.9		6.52E-03		5.62E-04		6.46E-03		1.0176114379		3.9		9.61E-01		9.85E-01		0.9710536393		0.7320464338		3.92E-02										240.20		3.66												3.86E-02

														4		6.74E-03		5.82E-04		6.70E-03		1		4		1.00E+00		1.00E+00		1		0.7193771675												250.00		3.75
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				LVInt Measured Data (chip #2)

																						(@ 1.5pF)

				Vddl		Vdd		Itest1		Itest2		Ilow		tclk				Cline				Enom				Emeas

				(mV)		(V)		(uA)		(uA)		(uA)		(ns)				(pF)				(pJ)				(pJ)

				200		1		6.1		23		31		269				1.55				1.50				0.103396875

				200		1.09		13		42		70		129				1.24				1.78				0.1135603125

				200		1.2		26		78		117		84				1.37				2.16				0.143325

				200		1.49		52.1		219		229		38				1.40				3.33				0.1465719375

				200		2.02		174		607		413		20				1.50				6.12				0.2713

				200		2.2		224		773		417		17.6				1.55				7.26				0.31691

				200		2.52		316		1103		528		14.8				1.62				9.53				0.417138

				200		3.05		457		1693		635		12				1.67				13.95				0.57031875

				250		3.3		553		1979		850		10.9				1.63				16.34				0.693989375

				250		3.6		638		2360		860		10.15				1.66				19.44				0.7967115625

				250		3.91		745		2764		868		9.55				1.69				22.93				0.9340944531

				250		4.26		881		3160		971		9				1.67				27.22				1.1238215625





										PowerTr1 (22us)								PowerTr1 (250us)								CRF

				Block						Power		Cap/Cycle						Power		Cap/Cycle						Cap/Cycle (pF)

				Number		Name				(uA)		(pF)						(uA)		(pF)						ext		sch

				I72_I0		a8PCin				2424		7.35						2419		7.33						8.7		4.8

				I72_I1		a8RegBank				8662		26.25		14%				9741		29.52		15%				20.2		36

				I72_I2		a8ByteRot				94		0.28						115		0.35						0.6		0.6

				I72_I3		a8DinMux				997		3.02						1152		3.49						2.6		1.7

				I72_I4		a8AbortPipe				292		0.88						327		0.99						1.6		2.4

				I72_I5		a8MAadder				671		2.03						689		2.09						2.3		2.4

				I72_I6		a8AoutMux				943		2.86						1009		3.06						2.6		1.8

				I72_I7		a8ExGen				103		0.31						102		0.31						0.4		0.2

				I72_I8		a8DataPipe				1223		3.71						1328		4.02						5.5		3.2

				I72_I9		a8ConsGen				2074		6.28						2077		6.29						4.6		3.3

				I72_I10		a8SALU				9126		27.65		15%				10049		30.45		16%				22.7		13

		Scalar Datapath				a8Datapath						80.63		43%						87.90		45%				71.80		69.40				Scalar Datapath		69.40		71.80		80.63

				I72_I31		a8IMux				1775		5.38						1749		5.30						4.2		3				Scalar Control		37.10		52.90		52.20

				I72_I32		a8ReadReg				5633		17.07		9%				5700		17.27		9%				12.9		7.8				Prefetch Datapath		29.00		36.00		35.28

				I72_I33		a8MainDec				3545		10.74		6%				3597		10.90		6%				10.8		6.6				Prefetch Control		13.40		15.70		15.09

				I72_I34		a8NextInst				1215		3.68						1253		3.80						4.3		2.6				Multiplier		11		13.9		3.66

				I72_I35		a8Write				1480		4.48						1489		4.51						4.4		3.4

				I72_I36		a8Fwd				1503		4.55						1608		4.87						3.6		3.2

				I72_I37		a8MAS				240		0.73						182		0.55						4		3.1

				I72_p2en		a8Mem				1237		3.75						1323		4.01						5.5		5.1

				I72_I39		a8PSR				597		1.81						560		1.70						3.2		2.3

		Scalar Control				a8Control						52.20		28%						52.91		27%				52.90		37.10

						a8Core						132.83		71%						140.82		72%				124.70		106.50

				I71_I15		a8PuRAM				6100		18.48		10%				6066		18.38		9%				15.2		14

				I71_I16		a8PuIin				2169		6.57						2089		6.33						7.9		5.8

				I71_I17		a8PuPcInc				3372		10.22						3235		9.80						12.7		8.9

				I71_I18		a8PuAdd				1		0.00						0.1		0.00						0.2		0.3

		Prefetch Datapath				puDatapath						35.28		19%						34.52		18%				36.00		29.00

				I71_I24		a8PuRAMctl				2896		8.78		5%				2908		8.81		5%				8.9		6.6

				I71_I26		a8PuCC				104		0.32						103		0.31						0.4		0.5

				I71_I27		a8PuPSM				523		1.58						518		1.57						3.5		3.2

				I71_p2en		a8PuBus				1458		4.42						1448		4.39						2.9		3.1

		Prefetch Control				puControl						15.09		8%						15.08		8%				15.70		13.40

						pu						50.37		27%						49.60		25%				51.70		42.40

				I11_I0		a8MulCtrl				953		2.89						954		2.89

				I11_I1		a8MulData				256		0.78						333		1.01

		Multiplier				a8Mul						3.66		2%						3.90		2%				13.9		11

						Global				241		0.73						259		0.78

						arm8						187.60								195.10						190.30		159.90





		



Arm8 Energy Breakdown



		





		



Schematic

Extracted

PowerTr1

Block

pF

Cap / Cycle



		



Schematic

Extracted

PowerTr1

Block

pF



		



Full Core

Sub-block

Sub-block

pF / cycle

Capacitance vs. Sub-block



		



Full Core

Sub-block



		



Extracted

Schematic

Sub-block

pF / cycle

Capacitance vs. Sub-block



		



Extracted

Schematic



		

				Block		Area

				Size (kB)		Efficiency

				0.25

				0.5

				1

				2

				4






Dynamic Voltage Scaling (DVYS)

MVary £, Vo, (@ Dynamically adapt

A EEEER l-
] .

= S

2

s S

-~ O

D

& S

time
Burd

* Dynamically scale energy/operation with throughput. ISSCC’00

* Always minimize speed — minimize average energy/operation.
* Extend battery life up to 10x with the exact same hardware!

EECS251B L23 DVS
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Operating System Sets Processor Speed

* DVS requires a voltage scheduler (VS).
* VS predicts workload to estimate CPU cycles.
* Applications supply completion deadlines.

Processor Speed (MPEG)

CPU cycles
A time

=F DESIRED

Fpesirep (MH2)

EECS251B L23 DVS

N B
= —

(o]
(=)

N
o

0

02 04 06 08 1.0 1.2 1.4
Time (sec)
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Converter Loop Sets Vi, fe i« o/

iz Ring Oscillator Processor
[nn ] - NP5
Set by Voo
0.S. L
— CDD
Register Digital Loop Filter = =
Buck rt
* Feedback loop sets V,, so that Fzz — 0. R COMVETEr
* Ring oscillator delay-matched to CPU critical paths. Burd
» Custom loop implementation — Can optimize Cp. ISSCC00

EECS251B L23 DVS 34




Power Estimator Example for HW-Based DVFS Control O/

40
v DVFM State | Volt. | Freq. | Limit3 | Limit4
TgtSel 0 VO FO 0 0
1 Vi Fl 0 0
A 2 V2 F2 0 1
¢ P
3 V3 F3 1 ]
3rdCoreMax V3rd F3rd - -
4thCoreMax V4th F4th - -
v 48A
3A¢
46B —._
\ 4 \ 4
46A N N— 4A
v 48B
CurCfg CurVol
\\\ / V \;
l — 44B 44C — CurFreq 40C
v 44D
3Ac
Control AA > v v
. . C
Circuit42 —» to PMGR 32 to CIkCtl

T TAPSC Events
DPE

Events

DPE (Digital Power Estimator)

APSC (Automatic Power-State Controller)

® Receives ongoing counts from each (

CPU of “significant” events

: . O
®* eg how many vector instructions

executed per cycle, aggregates these to
a per-CPU instantaneous power
estimate

® Sends per-CPU throttle requests as
necessary.

® The number of “power events” over
some period of time is tracked

® If this is too high the fact is reported to
the PMU and PMGR, and the
frequency /voltage settings for the
offending core(s) are reduced; and
similarly if a core has been operating
within spec for some period of time, its
frequency /voltage is allowed to rise.



DVFS Scheduling

® First stage — establish performance goals (achieve state X by time Y) (
® Use closed-loop performance controller to adjust DVFS to meet these performance O
goails.

® E.g. performance described as a monotonic map from n-cores running at max frequency

down to 1 core running at minimum frequency.

®* Move up/down this performance map depending on how the target is being met

® Second stage - energy and performance issues.

® Track short-term power draw and temperature to back-off high-performance goals if

needed

® Track an energy per instruction metric and try to optimize this while not impairing the

performance goals



DVFS as a Systems Problem for the OS O/

®* Based on thread groups and matching target metrics to measured metrics, a f
map of the best performance schedule for the thread group is created (i.e.

each thread gets mapped onto a P vs E core at certain voltage /frequency)

®* These maps are then read by the thread scheduler (Thread Director on Adler
Lake CPU, for example) which puts each thread into an E vs P queue, with the
appropriate DVFS info attached to it. The queues are adjusted across

different thread groups to ensure maximal occupancy of every core.

P-core P-core P-core P-core

P-core P-core P-core P-core

Adler Lake CPU

EECS251B L23 DVS 37



Design Over Wide Range of Voltages
* Circuit design constraints. (Functional verification)
* Circuit delay variation. (Timing verification)
* Noise margin reduction. (Power grid, coupling)

* Delay sensitivity. (Local power distribution)

Design verification complexity similar to

high-performance processor design @ fixed V,

EECS251B L23 DVS
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Delay Variation & Circuit Constraints O/

SERN

X
o
S
- Inverter
£ RingOsc
8 0.51 :
b RegFile
© SRAM
E -
|
o
=
OV 2 2 2 20 2 2 2 3:V 2 2 2 4V
I
' " Vpp T
® Cannot use NMOS pass gates — fails for V; < 2V,. Burd
ISSCC’00

* Functional verification only needed at one V, value.
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Power

		

				Vdd=3.3V								Vdd=2.5V								Vdd=4.0V								dE/E(linear norm)								dE/E(quadratic norm)

				Ratio		Energy		dE/E				Ratio		Energy		dE/E				Ratio		Energy		dE/E				Vdd=2.5		Vdd=3.3		Vdd=4.0				Vdd=2.5		Vdd=3.3		Vdd=4.0

				0.30723		0.54708		0.0022350053				2.63E-01		0.31545		0.011090099				0.32392		0.80178		0				0.0067212721		0.0009122471		0				0.0026885089		0.0002764385		0

				0.3794		0.54732		0.0026746785				0.34526		0.31422		0.007147665				0.405		0.80331		0.0019082541				0.0043319182		0.0010917055		0.000605795				0.0017327673		0.0003308199		0.0001514487

				0.463		0.54678		0.0016854138				0.41463		0.31329		0.0041668002				0.48513		0.80276		0.0012222804				0.0025253335		0.000687924		0.0003880255				0.0010101334		0.0002084618		0.0000970064

				0.52417		0.54586		0				0.49442		0.31395		0.0062822526				0.55209		0.8052		0.0042655092				0.0038074258		0		0.0013541299				0.0015229703		0		0.0003385325

				0.6027		0.54643		0.0010442238				0.5701		0.31356		0.0050322126				0.62426		0.80858		0.0084811295				0.0030498258		0.0004262138		0.0026924221				0.0012199303		0.0001291557		0.0006731055

				0.67726		0.5467		0.0015388561				0.63907		0.31312		0.003621911				0.69184		0.80726		0.0068347926				0.0021950976		0.0006281045		0.0021697754				0.000878039		0.0001903347		0.0005424439

				0.73926		0.54733		0.0026929982				0.71582		0.31199		0				0.75939		0.81126		0.0118236923				0		0.0010991829		0.0037535531				0		0.0003330857		0.0009383883

				0.8123		0.54841		0.0046715275				0.78828		0.31321		0.0039103817				0.82398		0.81645		0.0182967896				0.0023699283		0.0019067459		0.0058085046				0.0009479713		0.0005778018		0.0014521262

				0.87228		0.55079		0.0090316198				0.85676		0.31246		0.0015064585				0.88197		0.81988		0.0225747711				0.0009130052		0.0036863754		0.007166594				0.0003652021		0.0011170835		0.0017916485

				0.93968		0.55147		0.0102773605				0.9215		0.31255		0.0017949293				0.95524		0.82735		0.0318915413				0.001087836		0.004194841		0.0101242988				0.0004351344		0.0012711639		0.0025310747

				0.99729		0.55293		0.012952039				0.98988		0.31296		0.003109074				1.0129		0.83149		0.0370550525				0.0018842873		0.0052865465		0.0117635087				0.0007537149		0.0016019838		0.0029408772

				1.118		0.55838		0.022936284				1.1113		0.31323		0.0039744864				1.1257		0.84148		0.0495148295				0.0024087796		0.0093617486		0.0157189935				0.0009635118		0.0028368935		0.0039297484

				1.2334		0.56241		0.0303191294				1.2248		0.31385		0.0059617295				1.2421		0.85571		0.0672628402				0.0036131694		0.0123751549		0.0213532826				0.0014452678		0.0037500469		0.0053383206

				1.3423		0.56681		0.0383798043				1.3351		0.31425		0.0072438219				1.3414		0.8684		0.0830901245				0.0043901951		0.0156652263		0.0263778173				0.001756078		0.0047470383		0.0065944543

				1.4475		0.57243		0.0486754846				1.4376		0.31439		0.0076925542				1.4386		0.88258		0.1007757739				0.0046621541		0.0198675447		0.0319923092				0.0018648616		0.0060204681		0.0079980773

				1.5411		0.57889		0.0605100209				1.5353		0.31389		0.0060899388				1.5397		0.8985		0.1206315947				0.003690872		0.0246979677		0.0382957443				0.0014763488		0.0074842326		0.0095739361

				1.6393		0.58504		0.071776646				1.6283		0.31466		0.0085579666				1.6277		0.91225		0.1377809374				0.0051866464		0.0292965902		0.0437399801				0.0020746586		0.0088777546		0.010934995

				1.7217		0.59182		0.0841974133				1.7182		0.31572		0.0119555114				1.7136		0.92962		0.1594452344				0.0072457645		0.0343662911		0.0506175347				0.0028983058		0.0104140276		0.0126543837

				1.8076		0.59857		0.0965632213				1.8024		0.31695		0.0158979454				1.7915		0.94547		0.1792137494				0.0096351185		0.0394135597		0.0568932538				0.0038540474		0.0119435029		0.0142233134

				1.8919		0.60434		0.1071336973				1.8848		0.31739		0.0173082471				1.8705		0.96148		0.1991818204				0.0104898467		0.0437280397		0.063232324				0.0041959387		0.0132509211		0.015808081

				1.969		0.61092		0.1191880702				1.9656		0.31907		0.022693035				1.9422		0.97995		0.2222180648				0.0137533546		0.0486481919		0.0705454174				0.0055013418		0.0147418763		0.0176363543

				2.0414		0.61798		0.1321217895				2.045		0.32069		0.0278855092				2.0059		0.99745		0.244044501				0.0169003086		0.053927261		0.0774744448				0.0067601234		0.0163415942		0.0193686112

				2.1115		0.62565		0.1461730114				2.1168		0.32211		0.0324369371				2.0805		1.0156		0.2666816334				0.0196587497		0.0596624536		0.084660836				0.0078634999		0.0180795314		0.021165209

				2.1828		0.63329		0.1601692742				2.1853		0.3234		0.036571685				2.1399		1.0319		0.2870113996				0.0221646576		0.0653752139		0.09111473				0.008865863		0.0198106709		0.0227786825

				2.2471		0.64137		0.1749716044				2.2517		0.32486		0.0412513222				2.2042		1.0532		0.3135772905				0.0250008013		0.0714169814		0.0995483462				0.0100003205		0.0216415095		0.0248870865

				2.3158		0.64868		0.1883633166				2.3184		0.32646		0.0463796917				2.2585		1.0704		0.3350295592				0.028108904		0.0768829864		0.1063585902				0.0112435616		0.0232978747		0.0265896476

				2.373		0.65566		0.2011504781				2.3848		0.32754		0.0498413411				2.3128		1.0886		0.3577290529				0.0302068734		0.082102236		0.1135647787				0.0120827493		0.0248794654		0.0283911947

				2.4333		0.66441		0.2171802294				2.4501		0.3286		0.0532388859				2.3652		1.1079		0.3818004939				0.0322659914		0.0886449916		0.121206506				0.0129063966		0.0268621187		0.0303016265

				2.4944		0.67287		0.2326787088				2.5114		0.33019		0.0583352031				2.4172		1.1267		0.4052483225				0.0353546685		0.0949709016		0.1286502611				0.0141418674		0.0287790611		0.0321625653

				2.5521		0.68138		0.2482687869				2.57		0.33167		0.0630789448				2.472		1.1487		0.4326872708				0.0382296635		0.1013341987		0.1373610384				0.0152918654		0.0307073329		0.0343402596

				2.6016		0.68933		0.2628329608				2.6276		0.33366		0.0694573544				2.5137		1.1682		0.4570081569				0.0420953663		0.1072787595		0.1450819546				0.0168381465		0.032508715		0.0362704886

				2.6938		0.70413		0.28994614				2.7274		0.33594		0.0767652809				2.5905		1.2025		0.4997879718				0.0465244127		0.1183453633		0.1586628482				0.0186097651		0.0358622313		0.039665712

				2.7806		0.71925		0.3176455501				2.8236		0.33936		0.0877271707				2.669		1.2373		0.5431913991				0.0531679823		0.129651245		0.172441714				0.0212671929		0.039288256		0.0431104285

				2.8491		0.73246		0.3418458946				2.9058		0.34168		0.0951633065				2.731		1.2686		0.5822295393				0.0576747312		0.1395289366		0.1848347744				0.0230698925		0.0422814959		0.0462086936

				2.9331		0.74831		0.3708826439				2.994		0.34455		0.1043623193				2.7962		1.3041		0.6265060241				0.0632498905		0.151380671		0.1988908013				0.0252999562		0.0458729306		0.0497227003

				3.0098		0.76399		0.3996079581				3.0825		0.34784		0.1149075291				2.863		1.3412		0.6727780688				0.0696409267		0.163105289		0.2135803393				0.0278563707		0.0494258452		0.0533950848

				3.073		0.77765		0.4246326897				3.153		0.34999		0.1217987756				2.9184		1.3729		0.7123150989				0.0738174398		0.1733194652		0.2261317774				0.0295269759		0.0525210501		0.0565329444

				3.1723		0.80035		0.4662184443				3.2692		0.35506		0.1380492965				2.9968		1.4254		0.7777944074				0.0836662403		0.1902932426		0.2469188595				0.0334664961		0.057664619		0.0617297149

				3.2671		0.82327		0.5082072326				3.3844		0.35943		0.1520561556				3.0774		1.4788		0.8443962184				0.0921552458		0.2074315235		0.2680622916				0.0368620983		0.0628580374		0.0670155729

				3.3551		0.84674		0.5512036053				3.4903		0.36409		0.1669925318				3.1496		1.5325		0.9113721969				0.101207595		0.2249810634		0.2893245069				0.040483038		0.0681760798		0.0723311267

				3.4365		0.87065		0.5950060455				3.5952		0.36864		0.1815763326				3.2171		1.5867		0.9789717878				0.1100462622		0.2428596104		0.3107846945				0.0440185049		0.0735938213		0.0776961736

				3.5192		0.89436		0.6384420914				3.6971		0.37357		0.1973781211				3.2856		1.6408		1.0464466562				0.1196231037		0.2605886087		0.3322052877				0.0478492415		0.0789662451		0.0830513219

				3.5978		0.91836		0.682409409				3.7919		0.37873		0.2139171127				3.344		1.6961		1.1154181945				0.129646735		0.2785344527		0.3541010141				0.051858694		0.0844043796		0.0885252535

				3.7444		0.96754		0.7725057707				3.9773		0.38866		0.2457450559				3.4605		1.8064		1.2529871037				0.1489363975		0.3153084778		0.3977736837				0.059574559		0.0955480236		0.0994434209

				3.8761		1.0165		0.8621990987				4.1533		0.39867		0.2778294176				3.5687		1.9179		1.3920526828				0.1683814652		0.3519179995		0.4419214866				0.0673525861		0.106641818		0.1104803716

				3.9995		1.0663		0.9534312827				4.3179		0.40917		0.3114843424				3.6691		2.0296		1.5313677069				0.1887783894		0.3891556256		0.4861484784				0.0755113557		0.1179259472		0.1215371196

				4.1141		1.1165		1.0453962555				4.471		0.41937		0.344177698				3.76		2.142		1.6715557884				0.2085925442		0.4266923492		0.5306526312				0.0834370177		0.1293007119		0.1326631578

				4.2266		1.1667		1.1373612282				4.6191		0.43049		0.379819866				3.8458		2.2557		1.8133652623				0.2301938582		0.4642290727		0.5756715118				0.0920775433		0.1406754766		0.143917878

				4.3278		1.2179		1.2311581724				4.7615		0.44171		0.4157825571				3.9281		2.3679		1.9533038988				0.2519894286		0.5025135398		0.6200964758				0.1007957714		0.1522768302		0.155024119

				4.4261		1.269		1.3247719195				4.8958		0.45265		0.4508477836				4.0039		2.4828		2.0966100427				0.273241081		0.5407232325		0.6655904897				0.1092964324		0.163855525		0.1663976224

				4.5145		1.3204		1.4189352581				5.0254		0.46385		0.4867463701				4.0745		2.5976		2.239791464				0.2949978		0.5791572482		0.7110449092				0.11799912		0.1755021964		0.1777612273

				4.604		1.3719		1.5132817939				5.148		0.47533		0.5235424212				4.1426		2.7115		2.3818503829				0.3172984371		0.6176660383		0.7561429787				0.1269193748		0.1871715268		0.1890357447

				4.6861		1.424		1.6087275125

				4.95				2





Power

		



Vdd=4.0

Vdd=3.3

Vdd=2.5

trin/trout

dE/E

Short-Circuit Energy Consumption



ETR

		



Vdd=4.0

Vdd=3.3

Vdd=2.5



Delay

		

																						Elow		0.27

				Vdd(Vt)		Throughput		Energy				ETR										Ehigh		2.8

				1		0		0.04

				1.1428571429		0.0244140625		0.052244898				5.2244897959								% Low		Energy		EnergNorm

				1.2857142857		0.0771604938		0.066122449				2.0921556122								1%		2.77		0.99

				1.4285714286		0.140625		0.0816326531				1.4172335601								5%		2.67		0.95

				1.5714285714		0.2066115702		0.0987755102				1.1671715561								10%		2.55		0.91

				1.7142857143		0.2712673611		0.1175510204				1.0579591837								20%		2.29		0.82

				1.8571428571		0.3328402367		0.1379591837				1.0119401927								30%		2.04		0.73

				2		0.390625		0.16				1								40%		1.79		0.64

				2.1428571429		0.4444444444		0.1836734694				1.0089485013								50%		1.54		0.55

				2.2857142857		0.4943847656		0.2089795918				1.0319979844								60%		1.28		0.46

				2.4285714286		0.5406574394		0.2359183673				1.0653188776								70%		1.03		0.37

				2.5714285714		0.5835262346		0.2644897959				1.106594704								80%		0.78		0.28

				2.7142857143		0.6232686981		0.2946938776				1.1543455924								90%		0.52		0.19

				2.8571428571		0.66015625		0.3265306122				1.2075836252								95%		0.40		0.14

				3		0.6944444444		0.36				1.265625								100%		0.27		0.10

				3.1428571429		0.7263688017		0.3951020408				1.3279818594

				3.2857142857		0.7561436673		0.4318367347				1.3942970743

				3.4285714286		0.7839626736		0.4702040816				1.4643033684

				3.5714285714		0.81		0.5102040816				1.5377968317

				3.7142857143		0.8344119822		0.5518367347				1.6146192549

				3.8571428571		0.8573388203		0.5951020408				1.6946460459

				4		0.87890625		0.64				1.7777777778

				4.1428571429		0.8992271106		0.6865306122				1.8639341584

				4.2857142857		0.9184027778		0.7346938776				1.9530496509

				4.4285714286		0.9365244537		0.7844897959				2.0450702416

				4.5714285714		0.9536743164		0.8359183673				2.1399510204

				4.7142857143		0.9699265381		0.8889795918				2.2376543443

				4.8571428571		0.9853481834		0.9436734694				2.3381484281

				5		1		1				2.44140625





Delay

		



Throughput

Energy/operation

Vdd(VT)

Normalized Values

Energy, Throughput vs. Vdd(VT)



Energy

		



Throughput

Energy/operation



Tech

		



ETR

Vdd(VT)

Normalized Values

Energy, Throughput vs. Vdd(VT)



PowerDist

		



ETR



LowSwing

		



DVSCPU

% Time in Low Throughput

Normalized Energy

Energy Efficiency vs. Low Throughput Mode



Arm8Power

		



DVSCPU



Cache

		

						Data normalize to 3.3V										Data normalize to 4V										% Variation from average										Data normalize to 1.5V										% Variation from average												SenseAmp Delay

						Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM				Inverter		RegFile		RingOsc		SRAM

				5		1.4011		1.3551		1.3742																																																Vdd		Vtrip		dVbit		dVbit/Vdd				Vtrip		dVbit		dVbit/Vdd

				4.9		1.3843		1.3389		1.358																																																1.1		0.782		0.318		0.2890909091				0.705		0.395		0.3590909091

				4.8		1.3653		1.3223		1.3412																																																1.2		0.855		0.345		0.2875

				4.7		1.3483		1.3052		1.3239																																																1.3		0.918		0.382		0.2938461538

				4.6		1.3232		1.2876		1.3058																																																1.4		0.979		0.421		0.3007142857

				4.5		1.3065		1.2694		1.2873																																																1.5		1.04		0.46		0.3066666667				0.893		0.607		0.4046666667

				4.4		1.2821		1.2505		1.2679																																																1.6		1.09		0.51		0.31875

				4.3		1.266		1.2312		1.2478																																																1.7		1.14		0.56		0.3294117647

				4.2		1.2428		1.2113		1.227																																																1.8		1.2		0.6		0.3333333333

				4.1		1.2155		1.1907		1.2054																																																1.9		1.25		0.65		0.3421052632

				4		1.1946		1.1695		1.183		1.2				1		1		1		1.0149135914				1.00		1.00		1.00						4.3064167267		4.5435120435		4.5852713178						0.96		1.01		1.02								2		1.31		0.69		0.345				1.07		0.93		0.465

				3.9		1.1681		1.1476		1.1597						0.9778168425		0.9812740487		0.9803043111						1.00		1.00		1.00						4.2108868061		4.4584304584		4.4949612403						0.96		1.02		1.02								2.1		1.37		0.73		0.3476190476

				3.8		1.1424		1.125		1.1356						0.9563033651		0.9619495511		0.9599323753						1.00		1.00		1.00						4.1182408075		4.3706293706		4.4015503876						0.96		1.02		1.02								2.2		1.43		0.77		0.35

				3.7		1.1167		1.1016		1.1105						0.9347898878		0.9419410004		0.938715131						1.00		1.00		1.00						4.0255948089		4.2797202797		4.3042635659						0.96		1.02		1.02								2.3		1.48		0.82		0.3565217391

				3.6		1.087		1.0775		1.0844						0.9099280094		0.9213339034		0.9166525782						0.99		1.01		1.00						3.9185291997		4.1860916861		4.2031007752						0.96		1.02		1.02								2.4		1.55		0.85		0.3541666667

				3.5		1.0573		1.0526		1.0574						0.8850661309		0.9000427533		0.8938292477						0.99		1.01		1.00						3.8114635905		4.0893550894		4.0984496124						0.95		1.02		1.02								2.5		1.61		0.89		0.356

				3.4		1.0283		1.0268		1.0293						0.8607902227		0.8779820436		0.8700760778						0.99		1.01		1.00						3.7069214131		3.9891219891		3.9895348837						0.95		1.02		1.02								2.6		1.67		0.93		0.3576923077

				3.3		1		1		1		1				0.8371002846		0.8550662676		0.8453085376		0.8457613262				0.99		1.01		1.00		1.00				3.6049026676		3.885003885		3.8759689922		3.4387895461				0.95		1.03		1.02		0.93						2.7		1.73		0.97		0.3592592593

				3.2		0.9674		0.9724		0.9698						0.8098108153		0.8314664386		0.8197802198						0.99		1.01		1.00						3.4873828407		3.7777777778		3.7589147287						0.95		1.03		1.02								2.8		1.79		1.01		0.3607142857

				3.1		0.9331		0.9437		0.9382						0.7810982756		0.8069260368		0.79306847						0.98		1.02		1.00						3.3637346792		3.6662781663		3.6364341085						0.95		1.03		1.02								2.9		1.85		1.05		0.3620689655

				3		0.9019		0.914		0.9055						0.7549807467		0.7815305686		0.7654268808						0.98		1.02		1.00						3.2512617159		3.5508935509		3.5096899225						0.95		1.03		1.02								3		1.91		1.09		0.3633333333				1.42		1.58		0.5266666667

				2.9		0.8687		0.8834		0.8716						0.7271890172		0.7553655408		0.7367709214						0.98		1.02		1.00						3.1315789474		3.432012432		3.3782945736						0.94		1.04		1.02								3.1		1.98		1.12		0.3612903226

				2.8		0.8324		0.8511		0.8364						0.6968022769		0.7277469004		0.7070160609						0.98		1.02		1.00						3.0007209805		3.3065268065		3.2418604651						0.94		1.04		1.02								3.2		2.04		1.16		0.3625

				2.7		0.7986		0.8178		0.7998						0.6685082873		0.6992731937		0.6760777684						0.98		1.03		0.99						2.8788752704		3.1771561772		3.1						0.94		1.04		1.02								3.3		2.1		1.2		0.3636363636

				2.6		0.7614		0.7831		0.762						0.6373681567		0.6696023942		0.6441251057						0.98		1.03		0.99						2.7447728911		3.0423465423		2.9534883721						0.94		1.04		1.01								3.4		2.17		1.23		0.3617647059

				2.5		0.7247		0.7469		0.7227						0.6066465763		0.6386489953		0.6109044801						0.98		1.03		0.99						2.6124729632		2.9017094017		2.8011627907						0.94		1.05		1.01								3.5		2.23		1.27		0.3628571429

				2.4		0.688		0.7086		0.682						0.5759249958		0.6058999572		0.5765004227						0.98		1.03		0.98						2.4801730353		2.7529137529		2.6434108527						0.94		1.05		1.01								3.6		2.3		1.3		0.3611111111

				2.3		0.6484		0.6679		0.64						0.5427758245		0.5710987602		0.5409974641						0.98		1.04		0.98						2.3374188897		2.5947940948		2.480620155						0.95		1.05		1.00								3.7		2.36		1.34		0.3621621622

				2.2		0.6085		0.6248		0.5966						0.5093755232		0.534245404		0.5043110735						0.99		1.04		0.98						2.1935832733		2.4273504274		2.3124031008						0.95		1.05		1.00								3.8		2.43		1.37		0.3605263158

				2.1		0.5655		0.579		0.5517						0.4733802109		0.495083369		0.4663567202						0.99		1.04		0.98						2.0385724585		2.2494172494		2.138372093						0.95		1.05		1.00								3.9		2.5		1.4		0.358974359

				2		0.5211		0.5309		0.5056		0.5377				0.4362129583		0.4539546815		0.4273879966		0.4547658651				0.99		1.03		0.97		1.03				1.8785147801		2.0625485625		1.9596899225		1.8490371389				0.96		1.05		1.00		0.95						4		2.56		1.44		0.36				1.8		2.2		0.55

				1.9		0.4755		0.4803		0.4582						0.3980411853		0.4106883283		0.3873203719						1.00		1.03		0.97						1.7141312185		1.865967366		1.7759689922						0.96		1.05		0.99

				1.8		0.4282		0.4271		0.4096						0.3584463419		0.3651988029		0.346238377						1.01		1.02		0.97						1.5436193223		1.6592851593		1.5875968992						0.97		1.04		0.99

				1.7		0.3794		0.3715		0.3599						0.317595848		0.3176571184		0.3042265427						1.01		1.01		0.97						1.3677000721		1.4432789433		1.3949612403						0.98		1.03		0.99

				1.6		0.3291		0.3143		0.3093						0.2754897037		0.2687473279		0.2614539307						1.03		1.00		0.97						1.1863734679		1.2210567211		1.1988372093						0.99		1.02		1.00

				1.5		0.2774		0.2574		0.258		0.2908				0.232211619		0.2200940573		0.2180896027		0.2459473936				1.04		0.98		0.98		1.07				1		1		1		1				1.00		1.00		1.00		1.00

				1.4		0.2247		0.2026		0.2066						0.188096434		0.1732364258		0.1746407439						1.05		0.97		0.98						0.8100216294		0.7871017871		0.8007751938						1.01		0.98		1.00

				1.3		0.1717		0.152		0.1558						0.1437301189		0.1299700727		0.1316990702						1.06		0.96		0.97						0.618961788		0.5905205905		0.603875969						1.02		0.98		1.00

				1.2		0.12		0.1071		0.1072		0.15				0.1004520342		0.0915775973		0.0906170752		0.1268641989				1.07		0.97		0.96		1.24				0.4325883201		0.4160839161		0.415503876		0.5158184319				1.03		0.99		0.99		1.16

				1.1		0.0737		0.0692		0.0645		0.11				0.061694291		0.0591705857		0.0545224007		0.0930337459				1.06		1.01		0.93						0.2656813266		0.2688422688		0.25						1.02		1.03		0.96

				1		0.0378		0.0393		0.0323						0.0316423908		0.0336041043		0.0273034658						1.03		1.09		0.89						0.1362653208		0.1526806527		0.1251937984						0.99		1.11		0.91
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Inverter

RegFile

RingOsc
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				Ring Oscillator

				Vdd		Throughput		Energy

				3.3		1		1

				3.2		0.9698		0.9365

				3.1		0.9382		0.8755

				3		0.9055		0.8168

				2.9		0.8716		0.7604

				2.8		0.8364		0.7064

				2.7		0.7998		0.6546

				2.6		0.762		0.6051

				2.5		0.7227		0.5578

				2.4		0.682		0.5126

				2.3		0.64		0.4695

				2.2		0.5966		0.4285

				2.1		0.5517		0.3895

				2		0.5056		0.3525

				1.9		0.4582		0.3174

				1.8		0.4096		0.2842

				1.7		0.3599		0.2527

				1.6		0.3093		0.2231

				1.5		0.258		0.1953

				1.4		0.2066		0.1693

				1.3		0.1558		0.1452

				1.2		0.1072		0.1228

				1.1		0.0645		0.1023

				1		0.0323		0.0837





		



RingOsc

Throughput

Energy/operation

Energy Reduction



		



RingOsc



		

				Ldrawn		Leff		Vt		Vmax		(Vmax/Vt)^2		Reference		Company		Process

				0.2		0.12		0.45		1.8		10.71		[alva99]		IBM

				0.2				0.25		1.8		26.45		[mizu99]		Hitachi

				0.22				0.6		2.5		12.76		www.umcgroup.com		UMC		L220

				0.25				0.5		2.5		17.36		dyee		ST

				0.25				0.55		2.5		14.79		www.mosis.edu		TSMC		mosis

				0.25				0.6		2.5		12.76		www.umcgroup.com		UMC		L250

				0.35				0.9		3.3		10.89		jrudell		ST

				0.35				0.6		3.3		22.22		www.nwl-eur.co.uk		NWL		NWL35-A

				0.35		0.3		0.6		3		18.37		www.towersemi.com		Tower		TS35

				0.35		0.25		0.35		2.5		30.86		[step98]		DEC-SA

				0.35				0.75		3.3		15.07		www.mosis.edu		TSMC		mosis

				0.35				0.6		3.3		22.22		www.mosis.edu		HP		mosis

				0.35				0.7		3.3		17.02		www.umcgroup.com		UMC		L250

				0.5				0.64		3.3		19.89		www.nwl-eur.co.uk		NWL		NWL5-A

				0.5		0.48		0.75		3		12.46		www.towersemi.com		Tower		TS50

				0.5		0.37		0.6		3.3		22.22		www.chips.ibm.com		IBM		CMOS5S

				0.6				0.75		3		12.46		www.towersemi.com		Tower		TS60

				0.6		0.43		0.85		3.3		12.07		www.mosis.edu		HP		mosis

				0.7				0.85		5		27.70		www.nwl-eur.co.uk		NWL		NWL7-A

				0.8		0.45		0.8		3.3		13.44		www.chips.ibm.com		IBM		CMOS4S

				0.8				0.85		5		27.70		www.mosis.edu		HP		mosis

				0.8		0.68		0.95		5		22.68		www.towersemi.com		Tower		TS80

				1		0.85		0.9		5		25.00		www.towersemi.com		Tower		TS100

				1.2				0.9		5		25.00		www.mosis.edu		HP		mosis
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Ldrawn
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Range of Vdd



		



Vt

Vdd



		





		

										1000										11.5																																												Noise Margin

																										I		I/V		I^2/V^2		dT/T(IR)												mV																				VDD		VIL		VOL		VIH		VOH		NMH		NML		Nmave				Nmave/Vdd

				1.2		6.5		2.32		0.002				1		3.21E-04		1.30E-05		1.50E-04		0.2673645837		1		1.28E-03		5.11E-03		2.61E-05		0.1923359769		8.75E-01		1.20		2.32		0.0201214224				0.32		1.00												4.47E-03						1		0.42		0.02		0.46		0.98		0.4		0.52		0.46				0.46

				1.24		8.6		3.25		0.003				1.1		4.89E-04		2.24E-05		2.58E-04		0.6613112834		1.1		1.02E-02		3.71E-02		0.0013790578		0.4757322379		6.00E-01		1.24		3.25		0.0281873374				2.55		1.10												2.23E-02						1.1		0.47		0.02		0.52		1.08		0.45		0.56		0.505				0.4590909091

				1.3		10.5		4.16		0.003				1.2		6.68E-04		3.43E-05		3.95E-04		0.9243185461		1.2		2.55E-02		8.51E-02		0.0072424476		0.6649336576		4.39E-01		1.30		4.16		0.0360797918				6.38		1.19												3.73E-02						1.2		0.52		0.02		0.57		1.18		0.5		0.61		0.555				0.4625

				1.4		13.8		5.88		0.004				1.3		8.56E-04		4.86E-05		5.59E-04		1.100791922		1.3		4.55E-02		1.40E-01		0.0195924127		0.7918845749		3.40E-01		1.40		5.88		0.0509973981				11.37		1.29		17.9		17.4		0.5		0.0279329609				4.76E-02						1.5		0.66		0.02		0.73		1.48		0.64		0.75		0.695				0.4633333333

				1.5		17.2		7.89		0.005				1.4		1.05E-03		6.48E-05		7.46E-04		1.2186130967		1.4		6.89E-02		1.97E-01		0.0387899581		0.8766424378		2.75E-01		1.50		7.89		0.0684301821				17.23		1.38												5.41E-02						2		0.86		0.08		1.01		1.93		0.78		0.92		0.85				0.425

				1.6		21		10.3		0.006				1.5		1.25E-03		8.21E-05		9.44E-04		1.2958631321		1.5		9.51E-02		2.53E-01		0.064249441		0.9322143494		2.29E-01		1.60		10.3		0.0893321769				23.76		1.48												5.80E-02						2.5		1.04		0.14		1.33		2.37		0.9		1.04		0.97				0.388

				1.8		28.3		15.8		0.009				1.6		1.46E-03		1.00E-04		1.15E-03		1.3445898637		1.6		1.23E-01		3.08E-01		0.0949828526		0.9672672476		1.95E-01		1.80		15.8		0.1370338248				30.82		1.57												6.02E-02						3.3		1.32		0.26		1.82		3.05		1.06		1.23		1.145				0.346969697

				2.02		36.4		23		0.011				1.7		1.66E-03		1.18E-04		1.36E-03		1.3730077772		1.7		1.53E-01		3.60E-01		0.1299129699		0.9877104457		1.70E-01		2.02		23		0.1994796184				38.30		1.66												6.11E-02						4		1.59		0.37		2.26		3.62		1.22		1.36		1.29				0.3225

				2.16		41.2		28		0.013				1.8		1.87E-03		1.37E-04		1.58E-03		1.3868286574		1.8		1.84E-01		4.10E-01		0.1680267959		0.9976528714		1.49E-01		2.16		28		0.2428447528				46.11		1.75		43.7		41.3		2.4		0.0549199085				6.12E-02

				2.37		48.4		36.4		0.015				1.9		2.09E-03		1.56E-04		1.80E-03		1.3900913807		1.9		2.17E-01		4.57E-01		0.2084381428		1		1.33E-01		2.37		36.4		0.3156981787				54.22		1.85												6.08E-02

				2.56		54.6		44.7		0.017				2		2.30E-03		1.76E-04		2.02E-03		1.3856933308		2		2.50E-01		5.00E-01		0.2504032799		0.9968361433		1.20E-01		2.56		44.7		0.3876843018				62.55		1.94												6.01E-02

				2.77		60.6		54		0.019				2.1		2.52E-03		1.95E-04		2.25E-03		1.3757387943		2.1		2.84E-01		5.42E-01		0.2933144025		0.9896750771		1.09E-01		2.77		54		0.4683434519				71.08		2.03												5.91E-02

				2.97		66.3		63.9		0.022				2.2		2.74E-03		2.15E-04		2.47E-03		1.361772156		2.2		3.19E-01		5.80E-01		0.3366840305		0.9796277964		9.98E-02		2.97		63.9		0.554206418				79.78		2.12												5.79E-02

		*		3.33		73.1		77.7		0.023				2.3		2.96E-03		2.35E-04		2.70E-03		1.3449368988		2.3		3.55E-01		6.17E-01		0.3801269237		0.9675168967		9.19E-02		3.23		77.7		0.6738941891				88.63		2.21												5.67E-02

		*		3.49		77		86.5		0.025				2.4		3.18E-03		2.55E-04		2.93E-03		1.3260858241		2.4		3.90E-01		6.51E-01		0.4233426094		0.953955864		8.51E-02		3.39		86.5		0.7502168257				97.60		2.30												5.54E-02

				3.83		83.1		102.1		0.027				2.5		3.40E-03		2.75E-04		3.17E-03		1.305858605		2.5		4.27E-01		6.83E-01		0.4660998056		0.9394048644		7.92E-02		3.83		102.1		0.8855160451				106.67		2.39		73.7		69.4		4.3		0.0583446404				5.41E-02

				3.97		85.6		115.3		0.029				2.6		3.62E-03		2.95E-04		3.40E-03		1.28473709		2.6		4.63E-01		7.13E-01		0.5082231176		0.9242105288		7.40E-02		3.97		115.3		1				115.85		2.48												5.27E-02

														2.7		3.84E-03		3.16E-04		3.63E-03		1.2630852252		2.7		5.00E-01		7.41E-01		0.5495819587		0.9086346716		6.94E-02										125.10		2.57												5.14E-02

														2.8		4.06E-03		3.36E-04		3.87E-03		1.2411781904		2.8		5.38E-01		7.68E-01		0.5900814653		0.892875251		6.53E-02										134.43		2.67												5.02E-02

														2.9		4.29E-03		3.57E-04		4.10E-03		1.2192238789		2.9		5.75E-01		7.94E-01		0.629655121		0.8770818206		6.17E-02										143.82		2.76												4.89E-02

														3		4.51E-03		3.77E-04		4.34E-03		1.1973788774		3		6.13E-01		8.17E-01		0.6682588063		0.8613670253		5.84E-02										153.28		2.85												4.77E-02

														3.1		4.73E-03		3.98E-04		4.57E-03		1.1757604525		3.1		6.51E-01		8.40E-01		0.7058660184		0.845815224		5.54E-02										162.78		2.94												4.66E-02

														3.2		4.96E-03		4.18E-04		4.81E-03		1.154455611		3.2		6.89E-01		8.62E-01		0.7424640412		0.8304890075		5.27E-02										172.33		3.03												4.54E-02

														3.3		5.18E-03		4.39E-04		5.05E-03		1.1335279941		3.3		7.28E-01		8.82E-01		0.7780508834		0.8154341577		5.03E-02										181.93		3.12												4.44E-02

														3.4		5.40E-03		4.59E-04		5.28E-03		1.1130231567		3.4		7.66E-01		9.01E-01		0.812632833		0.8006834458		4.80E-02										191.56		3.21												4.33E-02

														3.5		5.63E-03		4.80E-04		5.52E-03		1.0929726329		3.5		8.05E-01		9.20E-01		0.8462225064		0.7862595568		4.60E-02										201.23		3.30												4.23E-02

														3.6		5.85E-03		5.00E-04		5.76E-03		1.0733970815		3.6		8.44E-01		9.37E-01		0.8788372949		0.7721773521		4.41E-02										210.93		3.39		107.6		102.4		5.2		0.0483271375				4.13E-02

														3.7		6.07E-03		5.21E-04		5.99E-03		1.0543087315		3.7		8.83E-01		9.54E-01		0.9104981275		0.758445629		4.23E-02										220.66		3.48												4.04E-02

														3.8		6.29E-03		5.41E-04		6.23E-03		1.0357132903		3.8		9.22E-01		9.70E-01		0.9412284888		0.7450684932		4.07E-02										230.42		3.57												3.95E-02

														3.9		6.52E-03		5.62E-04		6.46E-03		1.0176114379		3.9		9.61E-01		9.85E-01		0.9710536393		0.7320464338		3.92E-02										240.20		3.66												3.86E-02

														4		6.74E-03		5.82E-04		6.70E-03		1		4		1.00E+00		1.00E+00		1		0.7193771675												250.00		3.75
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				LVInt Measured Data (chip #2)

																						(@ 1.5pF)

				Vddl		Vdd		Itest1		Itest2		Ilow		tclk				Cline				Enom				Emeas

				(mV)		(V)		(uA)		(uA)		(uA)		(ns)				(pF)				(pJ)				(pJ)

				200		1		6.1		23		31		269				1.55				1.50				0.103396875

				200		1.09		13		42		70		129				1.24				1.78				0.1135603125

				200		1.2		26		78		117		84				1.37				2.16				0.143325

				200		1.49		52.1		219		229		38				1.40				3.33				0.1465719375

				200		2.02		174		607		413		20				1.50				6.12				0.2713

				200		2.2		224		773		417		17.6				1.55				7.26				0.31691

				200		2.52		316		1103		528		14.8				1.62				9.53				0.417138

				200		3.05		457		1693		635		12				1.67				13.95				0.57031875

				250		3.3		553		1979		850		10.9				1.63				16.34				0.693989375

				250		3.6		638		2360		860		10.15				1.66				19.44				0.7967115625

				250		3.91		745		2764		868		9.55				1.69				22.93				0.9340944531

				250		4.26		881		3160		971		9				1.67				27.22				1.1238215625





										PowerTr1 (22us)								PowerTr1 (250us)								CRF

				Block						Power		Cap/Cycle						Power		Cap/Cycle						Cap/Cycle (pF)

				Number		Name				(uA)		(pF)						(uA)		(pF)						ext		sch

				I72_I0		a8PCin				2424		7.35						2419		7.33						8.7		4.8

				I72_I1		a8RegBank				8662		26.25		14%				9741		29.52		15%				20.2		36

				I72_I2		a8ByteRot				94		0.28						115		0.35						0.6		0.6

				I72_I3		a8DinMux				997		3.02						1152		3.49						2.6		1.7

				I72_I4		a8AbortPipe				292		0.88						327		0.99						1.6		2.4

				I72_I5		a8MAadder				671		2.03						689		2.09						2.3		2.4

				I72_I6		a8AoutMux				943		2.86						1009		3.06						2.6		1.8

				I72_I7		a8ExGen				103		0.31						102		0.31						0.4		0.2

				I72_I8		a8DataPipe				1223		3.71						1328		4.02						5.5		3.2

				I72_I9		a8ConsGen				2074		6.28						2077		6.29						4.6		3.3

				I72_I10		a8SALU				9126		27.65		15%				10049		30.45		16%				22.7		13

		Scalar Datapath				a8Datapath						80.63		43%						87.90		45%				71.80		69.40				Scalar Datapath		69.40		71.80		80.63

				I72_I31		a8IMux				1775		5.38						1749		5.30						4.2		3				Scalar Control		37.10		52.90		52.20

				I72_I32		a8ReadReg				5633		17.07		9%				5700		17.27		9%				12.9		7.8				Prefetch Datapath		29.00		36.00		35.28

				I72_I33		a8MainDec				3545		10.74		6%				3597		10.90		6%				10.8		6.6				Prefetch Control		13.40		15.70		15.09

				I72_I34		a8NextInst				1215		3.68						1253		3.80						4.3		2.6				Multiplier		11		13.9		3.66

				I72_I35		a8Write				1480		4.48						1489		4.51						4.4		3.4

				I72_I36		a8Fwd				1503		4.55						1608		4.87						3.6		3.2

				I72_I37		a8MAS				240		0.73						182		0.55						4		3.1

				I72_p2en		a8Mem				1237		3.75						1323		4.01						5.5		5.1

				I72_I39		a8PSR				597		1.81						560		1.70						3.2		2.3

		Scalar Control				a8Control						52.20		28%						52.91		27%				52.90		37.10

						a8Core						132.83		71%						140.82		72%				124.70		106.50

				I71_I15		a8PuRAM				6100		18.48		10%				6066		18.38		9%				15.2		14

				I71_I16		a8PuIin				2169		6.57						2089		6.33						7.9		5.8

				I71_I17		a8PuPcInc				3372		10.22						3235		9.80						12.7		8.9

				I71_I18		a8PuAdd				1		0.00						0.1		0.00						0.2		0.3

		Prefetch Datapath				puDatapath						35.28		19%						34.52		18%				36.00		29.00

				I71_I24		a8PuRAMctl				2896		8.78		5%				2908		8.81		5%				8.9		6.6

				I71_I26		a8PuCC				104		0.32						103		0.31						0.4		0.5

				I71_I27		a8PuPSM				523		1.58						518		1.57						3.5		3.2

				I71_p2en		a8PuBus				1458		4.42						1448		4.39						2.9		3.1

		Prefetch Control				puControl						15.09		8%						15.08		8%				15.70		13.40

						pu						50.37		27%						49.60		25%				51.70		42.40

				I11_I0		a8MulCtrl				953		2.89						954		2.89

				I11_I1		a8MulData				256		0.78						333		1.01

		Multiplier				a8Mul						3.66		2%						3.90		2%				13.9		11

						Global				241		0.73						259		0.78

						arm8						187.60								195.10						190.30		159.90
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Chart1

		1.0526315789		1.0526315789		1.0526315789		1.0526315789

		1.1578947368		1.1578947368		1.1578947368		1.1578947368

		1.2631578947		1.2631578947		1.2631578947		1.2631578947

		1.3684210526		1.3684210526		1.3684210526		1.3684210526

		1.4736842105		1.4736842105		1.4736842105		1.4736842105

		1.5789473684		1.5789473684		1.5789473684		1.5789473684

		1.6842105263		1.6842105263		1.6842105263		1.6842105263

		1.7894736842		1.7894736842		1.7894736842		1.7894736842

		1.8947368421		1.8947368421		1.8947368421		1.8947368421

		2		2		2		2

		2.1052631579		2.1052631579		2.1052631579		2.1052631579

		2.2105263158		2.2105263158		2.2105263158		2.2105263158

		2.3157894737		2.3157894737		2.3157894737		2.3157894737

		2.4210526316		2.4210526316		2.4210526316		2.4210526316

		2.5263157895		2.5263157895		2.5263157895		2.5263157895

		2.6315789474		2.6315789474		2.6315789474		2.6315789474

		2.7368421053		2.7368421053		2.7368421053		2.7368421053

		2.8421052632		2.8421052632		2.8421052632		2.8421052632

		2.9473684211		2.9473684211		2.9473684211		2.9473684211

		3.0526315789		3.0526315789		3.0526315789		3.0526315789

		3.1578947368		3.1578947368		3.1578947368		3.1578947368

		3.2631578947		3.2631578947		3.2631578947		3.2631578947

		3.3684210526		3.3684210526		3.3684210526		3.3684210526

		3.4736842105		3.4736842105		3.4736842105		3.4736842105

		3.5789473684		3.5789473684		3.5789473684		3.5789473684

		3.6842105263		3.6842105263		3.6842105263		3.6842105263

		3.7894736842		3.7894736842		3.7894736842		3.7894736842

		3.8947368421		3.8947368421		3.8947368421		3.8947368421

		4		4		4		4

		4.1052631579		4.1052631579		4.1052631579		4.1052631579

		4.2105263158		4.2105263158		4.2105263158		4.2105263158
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Sheet1

		

														Vt		0.95

														Constant		135

														VddRes		2

														(Vdd-Vt)^2		IR

				Vdd		Idd		FClk		MIPs				Vdd^2				VddInt

				1.20		2.32		5		6.5				5.859375		0.00464		1.20		5.6877939678				0.0038666667

				1.24		3.25		8		8.6				7.3839099896		0.0065		1.23		7.1311830964				0.0052419355

				1.30		4.16		10		10.5				9.7855029586		0.00832		1.29		9.4463278644				0.0064

				1.40		5.88		13		13.8				13.9477040816		0.01176		1.39		13.4532957863				0.0084

				1.50		7.89		16		17.2				18.15		0.01578		1.48		17.4895040998				0.01052

				1.60		10.3		20		21				22.2802734375		0.0206		1.58		21.4389236826				0.012875

				1.80		15.8		27		28.3				30.1041666667		0.0316		1.77		28.9137217597				0.0175555556

				2.02		23		35		36.4				37.8790069601		0.046		1.97		36.3278240223				0.0227722772

				2.16		28		39		41.2				42.3640046296		0.056		2.10		40.6119567653				0.0259259259

				2.37		36.4		46		48.4				48.4633872777		0.0728		2.30		46.4301729708				0.0307172996

				2.56		44.7		51.5		54.6				53.395614624		0.0894		2.47		51.1397813237				0.034921875

				2.77		54		57.5		60.6				58.2796595811		0.108		2.66		55.8373998976				0.0389891697

				2.97		63.9		63		66.3				62.4487297215		0.1278		2.84		59.8354517941				0.043030303

				3.23		77.7		69		73.1				67.2664359862		0.1554		3.07		64.4630540444				0.0481114551

				3.39		86.5		72.5		77				69.938131412		0.173		3.22		67.0401051725				0.0510324484





TransPower

		

																														10		100		1000		30

						Trans/sec		33				Cap		Etran		Ptran		Pcpu		Ptot				Cap		Etran		Pcpu		Ptran

						Efficiency		0.9				(uF)		(uJ)		(mW)		(mW)		(mW)				(uF)		(uJ)		(mW)		(mW)

						DeltaV		2.6				1		1.3		0.0429		3.4506		3.4935				0.1		0.13		5.346		0.0013		0.013		0.13		0.0039

						DeltaV^2		13				2		2.6		0.0858		3.3048		3.3906				0.2		0.26		4.4064		0.0026		0.026		0.26		0.0078

												5		6.5		0.2145		3.2724		3.4869				0.5		0.65		3.7908		0.0065		0.065		0.65		0.0195

						Pcpumin		3.24				10		13		0.429		3.24		3.669				1		1.3		3.4506		0.013		0.13		1.3		0.039

												20		26		0.858		3.24		4.098				2		2.6		3.3048		0.026		0.26		2.6		0.078

												50		65		2.145		3.24		5.385				5		6.5		3.2724		0.065		0.65		6.5		0.195

												100		130		4.29		3.24		7.53				10		13		3.24		0.13		1.3		13		0.39

																								20		26		3.24		0.26		2.6		26		0.78

																								50		65		3.24		0.65		6.5		65		1.95

																								100		130		3.24		1.3		13		130		3.9						0.5462184874		0.8004926108

										0.5454545455
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				VddNorm		Vdd		tgate		tinter		tdiff		tboth				tgate		tinter		tdiff		tgate+RC						tseries

				1.0526315789		1.0		4.964E-08		6.057E-08				5.56E-08				-10.78%		8.87%		20.50%		9.32%		-1.91%				7.90E-08		39.00%

				1.1578947368		1.1		2.685E-08		3.168E-08		3.471E-08		2.954E-08				-9.10%		7.26%		17.49%		8.11%		-1.84%				3.91E-08		33.00%

				1.2631578947		1.2		1.769E-08		2.034E-08		2.203E-08		1.918E-08				-7.74%		6.08%		14.87%		7.38%		-1.66%				2.48E-08		27.50%

				1.3684210526		1.3		1.310E-08		1.470E-08		1.575E-08		1.400E-08				-6.38%		5.01%		12.53%		6.80%		-1.37%				1.74E-08		22.50%

				1.4736842105		1.4		1.039E-08		1.140E-08		1.209E-08		1.095E-08				-5.14%		4.04%		10.39%		6.32%		-1.10%				1.31E-08		18.50%

				1.5789473684		1.5		8.631E-09		9.272E-09		9.746E-09		8.985E-09				-3.94%		3.20%		8.47%		5.98%		-0.74%				1.03E-08		14.94%

				1.6842105263		1.6		7.417E-09		7.822E-09		8.147E-09		7.641E-09				-2.93%		2.38%		6.63%		5.65%		-0.56%				8.49E-09		11.16%

				1.7894736842		1.7		6.531E-09		6.779E-09		6.998E-09		6.669E-09				-2.07%		1.65%		4.93%		5.40%		-0.42%				7.19E-09		7.81%

				1.8947368421		1.8		5.854E-09		5.997E-09		6.137E-09		5.935E-09				-1.36%		1.04%		3.41%		5.25%		-0.32%				6.23E-09		4.91%

				2		1.9		5.326E-09		5.391E-09		5.471E-09		5.361E-09				-0.67%		0.56%		2.04%		5.22%		-0.11%				5.49E-09		2.40%

				2.1052631579		2.0		4.902E-09		4.910E-09		4.942E-09		4.907E-09				-0.10%		0.06%		0.71%		5.16%		-0.04%				4.91E-09		0.13%

				2.2105263158		2.1		4.554E-09		4.519E-09		4.512E-09		4.535E-09				0.42%		-0.34%		-0.50%		5.18%		0.09%				4.45E-09		-1.85%

				2.3157894737		2.2		4.264E-09		4.196E-09		4.156E-09		4.226E-09				0.90%		-0.71%		-1.65%		5.20%		0.19%				4.08E-09		-3.57%

				2.4210526316		2.3		4.017E-09		3.924E-09		3.858E-09		3.966E-09				1.30%		-1.05%		-2.73%		5.26%		0.25%				3.76E-09		-5.12%

				2.5263157895		2.4		3.808E-09		3.694E-09		3.604E-09		3.745E-09				1.68%		-1.36%		-3.77%		5.32%		0.32%				3.50E-09		-6.46%

				2.6315789474		2.5		3.625E-09		3.496E-09		3.386E-09		3.554E-09				2.00%		-1.63%		-4.73%		5.41%		0.37%				3.28E-09		-7.61%

				2.7368421053		2.6		3.468E-09		3.325E-09		3.197E-09		3.389E-09				2.32%		-1.88%		-5.67%		5.49%		0.44%				3.09E-09		-8.68%

				2.8421052632		2.7		3.326E-09		3.174E-09		3.031E-09		3.243E-09				2.57%		-2.11%		-6.54%		5.60%		0.47%				2.93E-09		-9.55%

				2.9473684211		2.8		3.203E-09		3.042E-09		2.885E-09		3.115E-09				2.84%		-2.33%		-7.39%		5.70%		0.51%				2.79E-09		-10.33%

				3.0526315789		2.9		3.093E-09		2.925E-09		2.755E-09		3.000E-09				3.08%		-2.50%		-8.19%		5.83%		0.58%				2.67E-09		-11.02%

				3.1578947368		3.0		2.994E-09		2.820E-09		2.639E-09		2.899E-09				3.28%		-2.70%		-8.96%		5.93%		0.59%				2.56E-09		-11.60%

				3.2631578947		3.1		2.905E-09		2.728E-09		2.536E-09		2.808E-09				3.47%		-2.84%		-9.68%		6.07%		0.64%				2.47E-09		-12.15%

				3.3684210526		3.2		2.826E-09		2.644E-09		2.442E-09		2.726E-09				3.66%		-3.02%		-10.44%		6.15%		0.63%				2.38E-09		-12.68%

				3.4736842105		3.3		2.753E-09		2.568E-09		2.357E-09		2.651E-09				3.85%		-3.14%		-11.09%		6.29%		0.71%				2.31E-09		-13.05%

				3.5789473684		3.4		2.689E-09		2.499E-09		2.280E-09		2.584E-09				4.04%		-3.30%		-11.78%		6.37%		0.73%				2.23E-09		-13.53%

				3.6842105263		3.5		2.628E-09		2.435E-09		2.208E-09		2.522E-09				4.22%		-3.43%		-12.43%		6.49%		0.80%				2.17E-09		-13.78%

				3.7894736842		3.6		2.573E-09		2.378E-09		2.144E-09		2.466E-09				4.35%		-3.58%		-13.04%		6.55%		0.76%				2.12E-09		-14.16%

				3.8947368421		3.7		2.522E-09		2.324E-09		2.084E-09		2.413E-09				4.52%		-3.70%		-13.65%		6.66%		0.82%				2.07E-09		-14.40%

				4		3.8		2.474E-09		2.274E-09		2.028E-09		2.364E-09				4.64%		-3.81%		-14.24%		6.76%		0.83%				2.02E-09		-14.62%

				4.1052631579		3.9		2.431E-09		2.230E-09		1.977E-09		2.320E-09				4.80%		-3.89%		-14.79%		6.88%		0.91%				1.97E-09		-14.88%

				4.2105263158		4.0		2.393E-09		2.189E-09		1.931E-09		2.280E-09				4.93%		-4.02%		-15.31%		6.95%		0.92%				1.94E-09		-15.13%

						Vdd		tgate		tgateNoDiff

						1.0		4.74E-08		3.95E-08		2.09E+01		1.74E+01

						1.1		2.56E-08		2.16E-08		1.13E+01		9.49E+00

						1.2		1.69E-08		1.43E-08		7.45E+00		6.30E+00

						1.3		1.25E-08		1.07E-08		5.52E+00		4.69E+00

						1.4		9.90E-09		8.46E-09		4.36E+00		3.72E+00

						1.5		8.25E-09		7.11E-09		3.63E+00		3.13E+00

						1.6		7.04E-09		6.09E-09		3.10E+00		2.68E+00

						1.7		6.19E-09		5.37E-09		2.73E+00		2.36E+00

						1.8		5.53E-09		4.86E-09		2.44E+00		2.14E+00

						1.9		5.03E-09		4.43E-09		2.21E+00		1.95E+00

						2.0		4.62E-09		4.09E-09		2.03E+00		1.80E+00

						2.1		4.30E-09		3.84E-09		1.89E+00		1.69E+00

						2.2		4.04E-09		3.59E-09		1.78E+00		1.58E+00

						2.3		3.81E-09		3.40E-09		1.68E+00		1.50E+00

						2.4		3.58E-09		3.23E-09		1.58E+00		1.42E+00

						2.5		3.42E-09		3.09E-09		1.50E+00		1.36E+00

						2.6		3.27E-09		2.96E-09		1.44E+00		1.30E+00

						2.7		3.14E-09		2.84E-09		1.38E+00		1.25E+00

						2.8		3.03E-09		2.73E-09		1.34E+00		1.20E+00

						2.9		2.92E-09		2.66E-09		1.29E+00		1.17E+00

						3.0		2.84E-09		2.55E-09		1.25E+00		1.12E+00

						3.1		2.74E-09		2.48E-09		1.21E+00		1.09E+00

						3.2		2.68E-09		2.41E-09		1.18E+00		1.06E+00

						3.3		2.60E-09		2.36E-09		1.15E+00		1.04E+00

						3.4		2.55E-09		2.29E-09		1.12E+00		1.01E+00

						3.5		2.49E-09		2.26E-09		1.10E+00		9.93E-01

						3.6		2.45E-09		2.19E-09		1.08E+00		9.67E-01

						3.7		2.41E-09		2.16E-09		1.06E+00		9.52E-01

						3.8		2.34E-09		2.13E-09		1.03E+00		9.38E-01

						3.9		2.32E-09		2.10E-09		1.02E+00		9.25E-01

						4.0		2.27E-09		2.06E-09		1.00E+00		9.08E-01





		



Gate

Inter

Diff

Inter+RC

Series

Vdd (Vt)

Delay Variation



		



Gate

Inter

Diff

Gate+RC

Series



		

										1000										11.5

																										I		I/V		I^2/V^2		dT/V												mV

				1.2		6.5		2.32		0.002				1		3.21E-04		1.30E-05		1.50E-04				1		1.28E-03		5.11E-03		2.61E-05						1.20		2.32		0.0201214224				0.32		1.00

				1.24		8.6		3.25		0.003				1.1		4.89E-04		2.24E-05		2.58E-04				1.1		1.02E-02		3.71E-02		0.0013790578						1.24		3.25		0.0281873374				2.55		1.10

				1.3		10.5		4.16		0.003				1.2		6.68E-04		3.43E-05		3.95E-04				1.2		2.55E-02		8.51E-02		0.0072424476						1.30		4.16		0.0360797918				6.38		1.19

				1.4		13.8		5.88		0.004				1.3		8.56E-04		4.86E-05		5.59E-04				1.3		4.55E-02		1.40E-01		0.0195924127						1.40		5.88		0.0509973981				11.37		1.29		17.9		17.4		0.5		0.0279329609

				1.5		17.2		7.89		0.005				1.4		1.05E-03		6.48E-05		7.46E-04				1.4		6.89E-02		1.97E-01		0.0387899581						1.50		7.89		0.0684301821				17.23		1.38

				1.6		21		10.3		0.006				1.5		1.25E-03		8.21E-05		9.44E-04				1.5		9.51E-02		2.53E-01		0.064249441						1.60		10.3		0.0893321769				23.76		1.48

				1.8		28.3		15.8		0.009				1.6		1.46E-03		1.00E-04		1.15E-03				1.6		1.23E-01		3.08E-01		0.0949828526						1.80		15.8		0.1370338248				30.82		1.57

				2.02		36.4		23		0.011				1.7		1.66E-03		1.18E-04		1.36E-03				1.7		1.53E-01		3.60E-01		0.1299129699						2.02		23		0.1994796184				38.30		1.66

				2.16		41.2		28		0.013				1.8		1.87E-03		1.37E-04		1.58E-03				1.8		1.84E-01		4.10E-01		0.1680267959						2.16		28		0.2428447528				46.11		1.75		43.7		41.3		2.4		0.0549199085

				2.37		48.4		36.4		0.015				1.9		2.09E-03		1.56E-04		1.80E-03				1.9		2.17E-01		4.57E-01		0.2084381428						2.37		36.4		0.3156981787				54.22		1.85

				2.56		54.6		44.7		0.017				2		2.30E-03		1.76E-04		2.02E-03				2		2.50E-01		5.00E-01		0.2504032799						2.56		44.7		0.3876843018				62.55		1.94

				2.77		60.6		54		0.019				2.1		2.52E-03		1.95E-04		2.25E-03				2.1		2.84E-01		5.42E-01		0.2933144025						2.77		54		0.4683434519				71.08		2.03

				2.97		66.3		63.9		0.022				2.2		2.74E-03		2.15E-04		2.47E-03				2.2		3.19E-01		5.80E-01		0.3366840305						2.97		63.9		0.554206418				79.78		2.12

		*		3.33		73.1		77.7		0.023				2.3		2.96E-03		2.35E-04		2.70E-03				2.3		3.55E-01		6.17E-01		0.3801269237						3.23		77.7		0.6738941891				88.63		2.21

		*		3.49		77		86.5		0.025				2.4		3.18E-03		2.55E-04		2.93E-03				2.4		3.90E-01		6.51E-01		0.4233426094						3.39		86.5		0.7502168257				97.60		2.30

				3.83		83.1		102.1		0.027				2.5		3.40E-03		2.75E-04		3.17E-03				2.5		4.27E-01		6.83E-01		0.4660998056						3.83		102.1		0.8855160451				106.67		2.39		73.7		69.4		4.3		0.0583446404

				3.97		85.6		115.3		0.029				2.6		3.62E-03		2.95E-04		3.40E-03				2.6		4.63E-01		7.13E-01		0.5082231176						3.97		115.3		1				115.85		2.48

														2.7		3.84E-03		3.16E-04		3.63E-03				2.7		5.00E-01		7.41E-01		0.5495819587														125.10		2.57

														2.8		4.06E-03		3.36E-04		3.87E-03				2.8		5.38E-01		7.68E-01		0.5900814653														134.43		2.67

														2.9		4.29E-03		3.57E-04		4.10E-03				2.9		5.75E-01		7.94E-01		0.629655121														143.82		2.76

														3		4.51E-03		3.77E-04		4.34E-03				3		6.13E-01		8.17E-01		0.6682588063														153.28		2.85

														3.1		4.73E-03		3.98E-04		4.57E-03				3.1		6.51E-01		8.40E-01		0.7058660184														162.78		2.94

														3.2		4.96E-03		4.18E-04		4.81E-03				3.2		6.89E-01		8.62E-01		0.7424640412														172.33		3.03

														3.3		5.18E-03		4.39E-04		5.05E-03				3.3		7.28E-01		8.82E-01		0.7780508834														181.93		3.12

														3.4		5.40E-03		4.59E-04		5.28E-03				3.4		7.66E-01		9.01E-01		0.812632833														191.56		3.21

														3.5		5.63E-03		4.80E-04		5.52E-03				3.5		8.05E-01		9.20E-01		0.8462225064														201.23		3.30

														3.6		5.85E-03		5.00E-04		5.76E-03				3.6		8.44E-01		9.37E-01		0.8788372949														210.93		3.39		107.6		102.4		5.2		0.0483271375

														3.7		6.07E-03		5.21E-04		5.99E-03				3.7		8.83E-01		9.54E-01		0.9104981275														220.66		3.48

														3.8		6.29E-03		5.41E-04		6.23E-03				3.8		9.22E-01		9.70E-01		0.9412284888														230.42		3.57

														3.9		6.52E-03		5.62E-04		6.46E-03				3.9		9.61E-01		9.85E-01		0.9710536393														240.20		3.66

														4		6.74E-03		5.82E-04		6.70E-03				4		1.00E+00		1.00E+00		1														250.00		3.75
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				Vdd(vt)		2.50%		5%		10%		20%

				1.1052631579		0.798678239		3.0372073975		10.0524602957		25.7869337537

				1.1315789474		0.6471985363		2.5074714226		8.8612508175		24.4445118205

				1.1578947368		0.544662625		2.1319445302		7.8268167273		23.1565992544

				1.1842105263		0.4707900053		1.8542335476		6.9710607393		21.9197801047

				1.2105263158		0.4150894228		1.6414188967		6.2685979313		20.7309261957

				1.2368421053		0.3716135775		1.4735209177		5.6887347302		19.5871604326

				1.2631578947		0.3367473751		1.3378642773		5.2052904204		18.486718117

				1.2894736842		0.3081697521		1.2260737606		4.7977813457		17.4440270838

				1.3157894737		0.284323466		1.1324152397		4.4505687069		16.4768155162

				1.3421052632		0.2641253422		1.0528404843		4.1517461735		15.5897955123

				1.3684210526		0.2467989092		0.9844147367		3.892195536		14.7807786553

				1.3947368421		0.2317731645		0.9249609599		3.6648674952		14.0444586291

				1.4210526316		0.2186189064		0.8728314506		3.464253359		13.3743753276

				1.4473684211		0.2070073347		0.8267569338		3.2860008472		12.7639095641

				1.4736842105		0.196682341		0.7857442666		3.1266343476		12.2067622327

				1.5		0.1874414889		0.7490054927		2.9833499058		11.6971610343

				1.5263157895		0.1791226644		0.7159076271		2.8538636381		11.2299254614

				1.5526315789		0.1715945192		0.6859364528		2.7362985254		10.8004604357

				1.5789473684		0.1647495074		0.6586699869		2.6290990005		10.4047164262

				1.6052631579		0.1584987305		0.6337587373		2.5309658452		10.0391361732

				1.6315789474		0.1527680659		0.6109108115		2.4408060775		9.7005984832

				1.6578947368		0.1474952207		0.5898805438		2.3576940115		9.3863642924

				1.6842105263		0.1426274634		0.5704597094		2.2808407235		9.0940273395

				1.7105263158		0.1381198581		0.5524706657		2.2095699075		8.8214702627

				1.7368421053		0.1339338756		0.5357609451		2.1432986264		8.5668261509

				1.7631578947		0.1300362912		0.5201989549		2.0815218498		8.3284451971

				1.7894736842		0.126398303		0.5056705275		2.0237999447		8.1048659422

				1.8157894737		0.1229948192		0.4920761325		1.9697484847		7.8947905551

				1.8421052632		0.1198038803		0.4793286063		1.9190298967		7.6970636122

				1.8684210526		0.1168061844		0.4673512919		1.8713465705		7.5106538849

				1.8947368421		0.1139846978		0.4560765031		1.826435144		7.3346386993

				1.9210526316		0.1113243311		0.4454442516		1.7840617364		7.1681904883

				1.9473684211		0.1088116694		0.4354011833		1.7440179529		7.0105652111

				1.9736842105		0.1064347466		0.4258996871		1.7061175192		6.8610923607

				2		0.104182855		0.4168971428		1.6701934331		6.7191663256

				2.0263157895		0.1020463839		0.4083552846		1.636095544		6.5842389036

				2.0526315789		0.1000166829		0.400239659		1.6036884867		6.455812801

				2.0789473684		0.0980859447		0.3925191623		1.5728499107		6.3334359728

				2.1052631579		0.0962471051		0.3851656429		1.5434689582		6.2166966855

				2.1315789474		0.0944937564		0.37815356		1.5154449486		6.1052191976

				2.1578947368		0.092820073		0.3714596876		1.4886862409		5.9986599739

				2.1842105263		0.0912207468		0.3650628582		1.4631092434		5.8967043591

				2.2105263158		0.0896909309		0.3589437401		1.4386375513		5.7990636479

				2.2368421053		0.0882261907		0.3530846424		1.4152011925		5.7054724996

				2.2631578947		0.086822461		0.347469345		1.3927359662		5.615686651

				2.2894736842		0.085476008		0.3420829485		1.3711828607		5.5294808892

				2.3157894737		0.0841833966		0.3369117429		1.3504875413		5.4466472508

				2.3421052632		0.0829414611		0.3319430911		1.3305998962		5.3669934188

				2.3684210526		0.0817472789		0.327165326		1.3114736353		5.2903412937

				2.3947368421		0.0805981481		0.3225676594		1.2930659332		5.2165257161

				2.4210526316		0.0794915668		0.3181401005		1.2753371116		5.1453933231

				2.4473684211		0.0784252149		0.3138733838		1.2582503559		5.0768015229

				2.4736842105		0.0773969379		0.3097589047		1.2417714617		5.0106175736

				2.5		0.0764047327		0.305788661		1.2258686081		4.946717754

				2.5263157895		0.0754467339		0.3019552018		1.2105121541		4.8849866157

				2.5526315789		0.0745212028		0.2982515802		1.1956744546		4.8253163087

				2.5789473684		0.0736265165		0.2946713122		1.1813296964		4.7676059704

				2.6052631579		0.0727611584		0.2912083378		1.1674537484		4.7117611726

				2.6315789474		0.0719237099		0.2878569879		1.1540240274		4.6576934202

				2.6578947368		0.0711128422		0.2846119524		1.1410193758		4.6053196949

				2.6842105263		0.0703273097		0.2814682531		1.1284199512		4.5545620411

				2.7105263158		0.0695659434		0.2784212174		1.1162071258		4.5053471873

				2.7368421053		0.068827645		0.2754664556		1.1043633951		4.4576062023

				2.7631578947		0.0681113819		0.27259984		1.0928722942		4.4112741797

				2.7894736842		0.0674161822		0.269817485		1.0817183225		4.3662899501

				2.8157894737		0.0667411302		0.2671157305		1.0708868735		4.3225958175

				2.8421052632		0.0660853627		0.2644911248		1.0603641717		4.280137317

				2.8684210526		0.065448065		0.2619404109		1.0501372145		4.2388629933

				2.8947368421		0.0648284677		0.2594605123		1.0401937183		4.1987241965

				2.9210526316		0.0642258434		0.2570485209		1.0305220701		4.159674894

				2.9473684211		0.0636395042		0.2547016859		1.021111282		4.1216714981

				2.9736842105		0.0630687989		0.2524174027		1.01195095		4.084672706

				3		0.0625131104		0.250193204		1.0030312154		4.0486393531

				3.0263157895		0.0619718537		0.2480267504		0.99434273		4.0135342766

				3.0526315789		0.0614444739		0.2459158222		0.9858766232		3.9793221898

				3.0789473684		0.060930444		0.2438583124		0.9776244722		3.9459695657

				3.1052631579		0.0604292635		0.241852219		0.9695782735		3.9134445292

				3.1315789474		0.0599404567		0.2398956387		0.9617304181		3.8817167565

				3.1578947368		0.0594635708		0.2379867611		0.9540736666		3.8507573827

				3.1842105263		0.058998175		0.2361238631		0.9466011275		3.820538915

				3.2105263158		0.058543859		0.2343053034		0.9393062367		3.7910351527

				3.2368421053		0.0581002319		0.2325295179		0.9321827378		3.7622211123

				3.2631578947		0.0576669208		0.2307950154		0.9252246648		3.7340729577

				3.2894736842		0.0572435701		0.229100373		0.918426325		3.7065679356

				3.3157894737		0.0568298401		0.2274442324		0.9117822841		3.6796843145

				3.3421052632		0.0564254067		0.2258252965		0.9052873512		3.6534013285

				3.3684210526		0.0560299601		0.2242423257		0.8989365654		3.6276991243

				3.3947368421		0.0556432039		0.222694135		0.8927251836		3.6025587114

				3.4210526316		0.0552648548		0.2211795906		0.8866486682		3.5779619166

				3.4473684211		0.0548946417		0.2196976076		0.8807026764		3.5538913398

				3.4736842105		0.0545323049		0.2182471474		0.8748830497		3.530330314

				3.5		0.0541775957		0.2168272148		0.8691858043		3.507262867

				3.5263157895		0.0538302759		0.2154368563		0.8636071222		3.4846736856

				3.5526315789		0.0534901168		0.2140751575		0.8581433424		3.4625480821

				3.5789473684		0.0531568993		0.2127412415		0.8527909528		3.4408719627

				3.6052631579		0.052830413		0.2114342667		0.8475465832		3.4196317981

				3.6315789474		0.0525104561		0.210153425		0.8424069979		3.3988145952

				3.6578947368		0.0521968346		0.2088979407		0.837369089		3.3784078712

				3.6842105263		0.0518893621		0.2076670681		0.8324298703		3.3583996284

				3.7105263158		0.0515878597		0.2064600906		0.8275864712		3.3387783316

				3.7368421053		0.0512921551		0.2052763191		0.8228361315		3.3195328854

				3.7631578947		0.0510020827		0.2041150909		0.818176196		3.3006526137

				3.7894736842		0.0507174831		0.2029757682		0.8136041093		3.2821272405

				3.8157894737		0.0504382028		0.2018577369		0.8091174114		3.2639468707

				3.8421052632		0.0501640941		0.2007604058		0.8047137336		3.2461019732

				3.8684210526		0.0498950147		0.1996832054		0.8003907935		3.2285833639

				3.8947368421		0.0496308274		0.1986255867		0.7961463918		3.2113821907

				3.9210526316		0.0493714		0.1975870208		0.7919784084		3.1944899178

				3.9473684211		0.0491166051		0.1965669974		0.7878847987		3.1778983126

				3.9736842105		0.0488663196		0.1955650243		0.7838635903		3.1615994317

				4		0.0486204249		0.1945806267		0.77991288		3.1455856087

				4.0263157895		0.0483788064		0.1936133462		0.7760308307		3.1298494423

				4.0526315789		0.0481413536		0.1926627402		0.7722156685		3.1143837845

				4.0789473684		0.0479079597		0.1917283814		0.7684656802		3.0991817304

				4.1052631579		0.0476785214		0.1908098566		0.7647792104		3.0842366078

				4.1315789474		0.0474529392		0.1899067669		0.7611546595		3.0695419673

				4.1578947368		0.0472311164		0.1890187265		0.7575904808		3.0550915733

				4.1842105263		0.0470129601		0.1881453623		0.7540851791		3.0408793952

				4.2105263158		0.0467983799		0.1872863135		0.7506373077		3.026899599





		



2.50%

5%

10%

20%

Vdd (Vt)

%

dEnergy/Energy



		



2.50%

5%

10%

20%




Multiple Path Tracking I L ==

—&— NOR3
—#— NAND4
—— Pass—gate
11k —o—Wire

Normalized Delay
o

09
0.8 1 1 1 1 1
0.90 0.95 1.00 1.05 1.10 1.15 1.20
Voltage (V)
pS adder nor nand pass- wire

core0:0 (3.78 |3.45 3.91 3.28 2.82

core1:05|3.55 |3.16 2.25 3.55 4.21

edge n— level n-1 core 0: A 110 9 11 10 7
Slower cycle «——= Faster cycle core 0: A |12 9 6 10 12
""""""""""""""""""""""""""""""""""""" ' core 0: A {13 11 14 16 15

A. Drake, ISSCC’07

Path delay variation at nominal voltage
EECS251B L23 DVS



Multiple Path Tracking

DD

—H
:E

tunable INV delay rise/fall

selectable INV/NAND/NOR/INT delay

e

Tunable replica circuit

D QR

—|DQ#-—D (o] SPPY

A

CORE CLK

Cho, ISSCC’16

EECS251B L23 DVS

Path type Tunable delay Polarity

TDC[1l5] TDCL[14] ore T6C [0]

42




Tracking with SRAM in Critical Path O/

> Mismatch between > SRAM multiplicative replica
logic and SRAM L
Timing Replica CK—;I(M : : :
Voo = 0.6V e CC b e
L asAty
Vpp= 1.1V ri Co. | SAE__ =t
0.5F : = ” Timing IVIuItlpller Circuit TMC
= —_|=8 SAE Delay Unit
< Ot Ny ?-_? g Backward Path
= 0.3F Vv | « [Tz
= 0S | [V
<02} (= 0.15V) L IreAD
0.1 i VTHC_I>C SAEi “Forward Path k=3
O Y | 1
0 1 2 > 4 > ¢ ! 8 Backward Path
Repllca Cell Lot (n) Delay Unit O,2(i-1) 2At O,zm in 2At O,2i+1
Niki, JSSC’11

EECS251B L23 DVS Forward Path




Alternative: Error Detection

D SAMPLING ENDPOINT WITHOUT
TRANSITION-DETECTOR

Bull, ISSCC’2010

EECS251B L23 DVS

RECOVERY
W@ﬂ@—mﬁl_\/ ) | ERROR| conTROL
FE_ERRI[..] |DE_ERR| IS_ERR[.] EX_ERR[.] |ME_ERR [S0_ERR[.)]
FE DE IS EX ME so | s1 wb
BRANCH E
FLE b DRAM o
IRAM FILE |Me a
READ READ |30 AGU READ o
AB |81 ]
- I _
© T | -
H - i—D‘. C}. oo e — ([HIRH write
g?— = Ul [SHIFT
E ' r commull
' R N D. U HIH RECOVER
(——— |RECOVERPC |
REG-FILE . DEAM
SAMPLING ENDPOINT WITH —! !
B ST IONDETECTOR READCi '1]_[1] WRITE




Design for Dynamically Varying VDD /

* Static CMOS logic. ((

* Ring oscillator.
* Dynamic logic (& tri-state busses).

* Sense amp (& memory cell).

Max. allowed |dV,/dt| — Min. C;; = 100nF (0.6mm)

Circuits continue to properly operate as V,, changes

EECS251B L23 DVS 45




Static CMOS Logic

f | Faslpmos
7 Vout
e
max. T = 4ns

0.6mm CMOS: |dV,,/dt| < 200V/ms

* Static CMOS robustly operates with varying V.

EECS251B L23 DVS

46




Ring Oscillator O/

Simulated with dV,/dt = 20V/us f

60 8 100 120 140 160 180 200 220 240 260
Time (ns)

* Output f ( instantaneously adapts to new V.

EECS251B L23 DVS 47


Presenter Notes
Presentation Notes
Global RC ~ 600ps.


Dynamic Logic O/

Errors

\

AVpy,  False logic low: DV, > Vo,

<
i
Volts

—AVpp Latch-up: DV, > V.

/

>
— Time

0.6mm CMOS: |dV,/dt| < 20V/ms
* Cannot gate clock in evaluation state.

* Tri-state busses fail similarly — Use hold circuit.

EECS251B L23 DVS 48




Measured System Performance & Energy

EECS251B L23 DVS

100
72 Dynamic V
n_ x.... ....................... ] w
s " — 7
= o 85 MIPS @
N Static V), 5.6 mW/MIPS
> /" 6MIPS@
S 0.54 mW/MIPS
: <~ (1.2V)
0 1 2 3 4 5 6
Energy (mW/MIPS)

* Dynamic operation can increase energy efficiency > 10x.

Burd
ISSCC’00

49
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LPARM-Sys
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54
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Dhrystone

		

				LPARM  (CPU #1, IO #5)																				LPARM w/ Regulator (CPU #1, REG #6, IO #5)

				FClk		MIPs		Vdd		Idd		Power		Energy				VCO		Ceff				FClk		MIPs		Idd		Vdd		Power		Energy				VCO				0.35

																																Typ														CPU		FClk		MIPs		Vdd		Power				Energy		Scaled

				4		5.2		1.2		1.98		2.376		0.46				0x7		413				5		6.56		0.85		4		3.40		0.52				0x7																Typ		Max				MIPs		Energy

				10		11.7		1.3		4.54		5.902		0.50				0x7		349				7		8.65		1.27		4		5.08		0.59				0x8								SA-110		100		115		1.65		110				0.96		67.1		1.6

				14		15.5		1.4		6.53		9.142		0.59				0x7		333				10		11.8		1.98		3.99		7.90		0.67				0x8				0.35						160		185		1.65		190				1.03		107.9		1.8

				17		19.1		1.5		8.64		12.96		0.68				0x7		339				12		13.8		2.53		3.99		10.09		0.73				0x8										200		230		2		300				1.30		134.2		2.2

				21		23.2		1.6		11.20		17.92		0.77				0x7		333				15		17.1		3.51		3.99		14.00		0.82				0x8				0.5						233		268		2		360				1.34		156.3		2.3

				27		28.9		1.8		15.90		28.62		0.99				0x8		327				20		22.3		5.49		3.99		21.91		0.98				0x8								ARM740T		40		36		3		59				1.64		21.0		2.8

				33		36.1		2		22.10		44.2		1.22				0x8		335				25		27.8		7.96		3.99		31.76		1.14				0x8										59		53		3.3		94				1.77		30.9		3.0

				41		43.1		2.2		29.10		64.02		1.49				0x8		323				30		33		10.95		3.98		43.58		1.32				0x8								SH7708		25		25		3.3		95				3.80		20.8		4.6

				46		49.8		2.4		37.10		89.04		1.79				0x8		336				35		38.1		14.52		3.97		57.64		1.51				0x8				0.25						40		40		3.3		160				4.00		33.3		4.8

				52		56.5		2.6		46.10		119.86		2.12				0x8		341				40		43.3		18.98		3.97		75.35		1.74				0x8										60		60		3.3		400				6.67		50.0		8.0

				57		62.5		2.8		55.40		155.12		2.48				0x8		347				45		48.4		24.3		3.96		96.23		1.99				0x8										100		100		3.3		700				7.00		83.3		8.4

				61		66.7		3		62.60		187.8		2.82				0x8		342				50		54		30.9		3.95		122.06		2.26				0x8								VR4121		131		174		2.5		300				1.72		72.5		4.1

				70		76		3.3		81.20		267.96		3.53				0x8		352				55		59.1		38.7		3.93		152.09		2.57				0x9										168		223		2.5		385				1.73		92.9		4.1

				74		79.7		3.6		93.90		338.04		4.24				0x9		352				60		64.2		48		3.92		188.16		2.93				0x8

				79		85.8		3.9		111.40		434.46		5.06				0x9		362				65		69.1		62.7		3.89		243.90		3.53				0x9

																								70		74.8		70.8		4.38		310.10		4.15				0x9

																								75		79.1		84.4		4.36		367.98		4.65				0x9

																								80		85.3		102.8		4.57		469.80		5.51				0x9

				LPARM (CPU #10, IO #6)																				LPARM w/ Regulator (CPU #10, REG #6, IO #6)

				FClk		MIPs		Vdd		Idd		Power		Energy				VCO						FClk		MIPs		Idd		Vdd		Power		Energy				VCO

																																Typ

				5		6.5		1.20		2.32		2.78		0.43				0x8						5		6.56		0.88		4		3.52		0.54				0x7

				8		8.6		1.24		3.25		4.03		0.47				0x8						7		8.64		1.27		4.01		5.09		0.59				0x8

				10		10.5		1.30		4.16		5.41		0.52				0x8						10		11.8		1.98		4.01		7.94		0.67				0x8

				13		13.8		1.40		5.88		8.23		0.60				0x8						12		13.8		2.54		4		10.16		0.74				0x8

				16		17.2		1.50		7.89		11.84		0.69				0x8						15		17.1		3.52		4		14.08		0.82				0x8

				20		21		1.60		10.3		16.48		0.78				0x8						20		22.3		5.51		4		22.04		0.99				0x8

				27		28.3		1.80		15.8		28.44		1.00				0x8						25		27.8		8.01		3.99		31.96		1.15				0x8

				35		36.4		2.02		23		46.46		1.28				0x8						30		33		11		3.99		43.89		1.33				0x8

				39		41.2		2.16		28		60.48		1.47				0x8						35		38.1		14.7		3.98		58.51		1.54				0x8

				46		48.4		2.37		36.4		86.27		1.78				0x8						40		43.3		19.2		3.98		76.42		1.76				0x8

				51.5		54.6		2.56		44.7		114.43		2.10				0x8						45		48.4		24.7		3.97		98.06		2.03				0x8

				57.5		60.6		2.77		54		149.58		2.47				0x8						50		54		31.4		3.96		124.34		2.30				0x8

				63		66.3		2.97		63.9		189.78		2.86				0x8						55		59.1		39.3		3.94		154.84		2.62				0x8

				69		73.1		3.23		77.7		250.97		3.43				0x8						60		64.1		48.9		3.92		191.69		2.99				0x8

				72.5		77		3.39		86.5		293.24		3.81				0x8						65		69.4		60.4		3.91		236.16		3.40				0x8

				78.5		83.1		3.83		102.1		391.04		4.71				0x9						70		74.6		69.6		4.2		292.32		3.92				0x8

				81		85.6		3.97		115.3		457.74		5.35				0x9						75		79		83.3		4.35		362.36		4.59				0x9

																								80		84.5		103		4.6		473.80		5.61				0x9
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LPARM

SA-110

ARM740T

SH7708

VR4121

LPARM-Nom

LPARM

SA-110

ARM740T

SH7708

VR4121

Energy (mW/MIP)

MIPs

Performance vs. Energy
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Process
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LPARM

SA-110

ARM740T

SH7708

VR4121

LPARM-Nom

Energy (mW/MIP)

MIPs

Performance vs. Energy (Technology Scaled)
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Benchmark

		



LPARM

LPARM-Sys



		

						LPARM-Nom

				Tclk		Fclk		MIPs		Vdd		Pwr		Energy

				274		3.65		3.94		1		1.28		0.32

				144		6.94		7.50		1.1		2.94		0.39

				91.4		10.94		11.82		1.2		5.51		0.47

				65.4		15.29		16.51		1.3		9.04		0.55

				50.5		19.80		21.39		1.4		13.58		0.64

				40.7		24.57		26.54		1.5		19.35		0.73

				34.1		29.33		31.67		1.6		26.28		0.83

				25.8		38.76		41.86		1.8		43.95		1.05

				20.8		48.08		51.92		2		67.31		1.30

				17.6		56.82		61.36		2.2		96.25		1.57

				15.3		65.36		70.59		2.4		131.76		1.87

				13.7		72.99		78.83		2.6		172.70		2.19

				12.4		80.65		87.10		2.8		221.29		2.54

				11.4		87.72		94.74		3		276.32		2.92

				10.3		97.09		104.85		3.3		370.05		3.53

				9.48		105.49		113.92		3.6		478.48		4.20

				8.84		113.12		122.17		3.9		602.21		4.93

						LPARM-Fast

				151		6.62		7.15		1		2.32		0.32

				87.2		11.47		12.39		1.1		4.86		0.39

				59		16.95		18.31		1.2		8.54		0.47

				43.7		22.88		24.71		1.3		13.54		0.55

				34.5		28.99		31.30		1.4		19.88		0.64

				28.5		35.09		37.89		1.5		27.63		0.73

				24.1		41.49		44.81		1.6		37.18		0.83

				18.6		53.76		58.06		1.8		60.97		1.05

				15.3		65.36		70.59		2		91.50		1.30

				13		76.92		83.08		2.2		130.31		1.57

				11.4		87.72		94.74		2.4		176.84		1.87

				10.3		97.09		104.85		2.6		229.71		2.19

				9.38		106.61		115.14		2.8		292.54		2.54

				8.68		115.21		124.42		3		362.90		2.92

				7.87		127.06		137.23		3.3		484.31		3.53

				7.27		137.55		148.56		3.6		623.93		4.20

				6.8		147.06		158.82		3.9		782.87		4.93

						LPARM-Slow

				642		1.56		1.68		1		0.55		0.32

				283		3.53		3.82		1.1		1.50		0.39

				158		6.33		6.84		1.2		3.19		0.47

				105		9.52		10.29		1.3		5.63		0.55

				77.2		12.95		13.99		1.4		8.89		0.64

				60.5		16.53		17.85		1.5		13.02		0.73

				49.5		20.20		21.82		1.6		18.10		0.83

				36.2		27.62		29.83		1.8		31.33		1.05

				28.7		34.84		37.63		2		48.78		1.30

				23.8		42.02		45.38		2.2		71.18		1.57

				20.5		48.78		52.68		2.4		98.34		1.87

				18.2		54.95		59.34		2.6		130.00		2.19

				16.4		60.98		65.85		2.8		167.32		2.54

				15		66.67		72.00		3		210.00		2.92

				13.4		74.63		80.60		3.3		284.44		3.53

				12.25		81.63		88.16		3.6		370.29		4.20

				11.4		87.72		94.74		3.9		466.97		4.93





		1



LPARM

LPARM-Nom

LPARM-Fast

LPARM-Slow

Energy (mW/MIP)

MIPs

Performance vs. Energy (Measured & Simulated)
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						Fixed		DVS

				Audio		17		18%

				GUI		10		25%

				Mpeg		60		62%
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Vpp-Hopping
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n-th slice finished here
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Application slicing and software

feedback guarantee real-time

operation.

EECS251B L23 DVS

MPEG-4 encoding ({

Transition
0.8 time

between f
0.6 levels

= 200s

Normalized power

047

0.2
0 | : q
1 2 3 ‘ co

# of frequency levels

Two hopping levels are sufficient.
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Presenter Notes
Presentation Notes
This method can be applied to real-time applications by chopping the application into slices.  At the end of execution of each slice, software checks the current time and the next milestone.  If there is a lot of margin in time, the software tells the hardware that you can decrease the frequency without sacrificing the real-time feature.  This type of  application slicing and software feedback loop guarantee real-time operation. Since the speed is adaptively changed taking into account the input data dependency, this approach can effectively reduce the power by eliminating waste of power induced by unreasonably high speed.
It is to be noted that the required number of frequency levels to achieve the power reduction can be as small as two as is seen in the right figure. This is important to keep the testing cost increase minimal and making this approach practical.  Since the voltage levels can be digitized, the method is called VDD hopping.



Dithering Between Supply Levels O/
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* Done with switched-capacitor DC-DC converters which efficiently work only at discrete levels

Keller et al, ESSCIRC’'16
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Presenter Notes
Presentation Notes
This waveform shows the core voltage as the dithering algorithm is applied.
The algorithm rapidly switches between two voltage modes to achieve an average operating frequency that is within 1% of the 80MHz target.
Dithering can save considerable energy compared to operation at the higher mode that would otherwise be required to meet a performance target.


Dithering Between Supply Levels

® Dithering fills in between fixed DC-DC modes
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Keller et al, ESSCIRC’'16
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Summary

®* Multiple supply voltages

®* Dynamic voltage scaling

EECS251B L23 DVS
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Next Lecture

® Low-power design
® Clock gating

®* Leakage management

EECS251B L23 DVS
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