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Applications for This Work

O Demand: MCU is increasing demand as the core component of I0Ts

O Challenge: Limited by battery capacity, Ultra Low Power
1 day: 280Wh 1 year: 5000mAh

N

1 week: 125mAh

1 month: 2200mAh
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Limitation of Conventional Designs

O Conventional flat architecture for both normal state and sleep state
High sleep

O Sleep power breakdown of MCU energy @

e \When duty cycle is 1:1000, sleep power accounts for most of the total power
e The SCVR consumption accounts for most of the sleep power

External Supply

SCVR Internal Supply VDD /’?
] Oscilator

VSS
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Limitation of Conventional Designs

O Prior stack architecture for normal Top domain

state and sleep state* - - -
_ _ ISRAM DSRAM ROM
O High dynamic power &)

.
e Too many level shifters are needed

for stacked memory Level shifters
External Supply
_2*VDD -_
SCVR
VDD A
X 7a

NS

Bottom domain
VSS

*K. Blutman, et al., “A Low-Power Microcontroller in a 40-nm CMOS Using Charge Recycling”, JSSC, vlo.52, no.4, pp. 950-960, Apr. 2017.
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Architecture

O Modules in power-down domain are turned off in sleep state
O Modules in always-on domain need to be powered all the time

e =
Power-down Domain !
|
ARM Cortex-M3 Switched-capacitor voltage regulator(SCVR) :
|
|
T~ BUS _— :- -------------------------- -
125 12€ e N Always-on Domain |
UART GPIO ! ! Stacking Controller o :
TIMER 1| RIC 5 |
| SRAM1 (4KB) S [
DMA l 1| !
: : X032 SRAM2 (4KB) % :
Logic |l < |

I —
___________________________ T .
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Architecture: Flat Mode for Normal State

O Low active energy: Modules work at low supply voltage

——————————————————————————————————————————————————————————————

| |
|
: |
|
@ ON | [
| |
| |
' | I8
| I Q,Q,. >
| a® =
L eall e
| [ O @
| [ S -
|

SCVR Internal Supply=0.7V

1

C?\';Itgx' X024 B Logic

I— 1 i S S G S S S—

- eEs GEP GEP GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED P @ e oe o o - eEs GEP GEP GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GNP GEe e e e b

AJELS
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Architecture: Stack Mode for Sleep State

O Low sleep energy: Stacked scheme to reduce sleep energy

——————————————————————————————————————————————————————————————

| |
| |
| |
' |
| ! ' I
L A |
: * : ; L
| : I
OFF I
© . [ :
| ' [ | + Stack vddil |
Vo | DRV 2 |
| : &
| o SRAM1 Protection |1 %;_ !
! . Stack vdd2 4 g |
) | >
| b DRV = |
| scvr ! SRAM2 Protection [] % |
| * * * o | | , Stack vdd3 At
| b I
Cortex- ap ~ [
! M3 “ XO24 BB Logic |, || X032 RTC prétggtzion :
| I I e S b— | I 3 |

- eEs GEP GEP GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED P @ e oe o o - eEs GEP GEP GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GED GNP GEe e e e b
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Outline

O Dynamic switching scheme



Dynamic Switching Scheme

. VDD3V(3V) . o
Lh X
VDD
% \‘ﬂﬁ"@ AON_VDD(0.9V)
SCVR
s b 4E{ ‘
VDD_RAM 4 le- VDD RAM —|l:: VDD VDD
0 0 R S
SRAM1 gg _X& % SRAM?2 §§ X032(| RTC gg
VSS_RAM > VSS_RAM - VSS VSS _
- ] 1
H 1
= Z Z
TOP MIDDLE BOTTOM
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Dynamic Switching Scheme

Avoid retention error due to

charge sharing between SRAM1
ﬁjhﬂ:ﬁgl and SRAM?2 at switching process

Ensure the functions of

X032 and RTC are correct

A St
=

Adjust stack current

uol}9310.id l
AYA |
| ladwe|D |

by configuration

I
|

uo119910.d
Add
uo119310.d
[450).¢

y
I
I

s

Avoid retention error of SRAM1

Avoid retention error of SRAM2
in the stable stack state in the stable stack state
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Dynamic Switching Process: Preparation

O Operation:

e Turn off the logic circuits of SRAMs to reduce 4 SO )
leakage
e Configure the output voltage of SCVR to 0.9V. SRAM1_VDD—— oV
SRAM DRV<0.45V SRAML VSS O
VDD3V(3V) , 0.9V
SRAM2_VDD 0.7V
LPSCVR_SI Configure AON_VDD SRAMZ_VSS 0
o ronvoo] 0.7V —> 0.9V \\ X032 _VDD oiw
SCVR d(é — AON VDD - m—
VVDD_Shutdown
T Power_Switch_El\]'I MemStackPre—|E! ‘
SRAM1 SRAM2 X082 || RTC
VSS_RAM VSSIRI\M vas VS
!:lvMem_Stack_Pre Level3_Stack_EN-||:'v L lv
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Dynamic Switching Process: Stepl

O Operation: p
e Turn off the switches between SRAM1 VSS RAM S1-2 )
and ground, SRAM2 VDD_RAM and AON_VDD
e Turn on the clamper SRAM1_VDD==4"1 1 0o
SRAM1_VSSd et 045
VDD3V(3V) - 0.0v
SRAM2_VDD 0.45V
LPSCVRShutdown SRAM2_VSS .
55 _X032_ VDD~ )
AONVDD_Shutown AO \ \
SCVR NVDDQ V) —
AONVDD _Shutdownb
T Power_Switch_El\T":L' 0.45V [
VDD_RAM |' o VDD_RAM vDp VD
ol|5
SRAM1 513 SRAM?2 X032 | RTC
g ||
VSS R < VSS_RAM vas VSS
possy | T e i
%Mem Stack_Pre Level3_Stack_EN-||:'Y
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Dynamic Switching Process: Step?2

O Operation:

/

S1-2 )
e Turn on the switch between the SRAM1
VSS RAM and SRAM2 VDD RAM Jov
— SRAM1_VDD— -
SRAM1_VSS 045v
VVDD3V(3V
3V(3V) SRAM2 VDD oty
p-SCVR_Shutdown SRAM2_VSS 0
—t 0.9v
oo AONVDD_Shutown ‘ \ X032_VDD //
SCVR § = A0N VDD0 O\ —
AONVDD_Shutdown
T Power_SWitch_EN'I
VDD_RAM — VDD_RAM V VDD
ILlJI
SRAM1 EXX SRAM2 X0B2|| RTC
e
VSS_RAM % VvSS_RAM vsh v
- I
Level3_Stack_EN—||:"v
* —-—
i
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Dynamic Switching Process: Step3

O Operation:

e Turn off the switch between SRAM1 VDD RAM
and AON_VDD

e Turn on the switch between SRAM1 VDD RAM
and VDD3V

VDD3V(3V)

| :Iggl
Lln-SCVR_Shutdown ﬁ—E:L-'j g

SH
VP AONVDD_Shutown £ 5'”@84 AON _\/DD(N O\/\

/

S3

3V

SRAM1_VDD—

SRAM1_VSS-- —

SRAM2_VDD=—/ -\

SRAM2_VSS

\._X032_VDD ——

0.9v

1.5v
0.45V
1.5V

0.45V

ov
0.9v

SCVR = =
AONVDD __Shutdown
VSS ) I"
Power_Switch_E

VDD_RA v VDDIR M VDI VDD
w
N
SRANI1 EXX SRAM?2 XOB2|| RTC
e
VSS_RA % VSS_RAM VS VSS
l 1
Level3_Stack_EN—||: \ 4 lv lv
-—

[ T
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Dynamic Switching Process: Step4

O Operation:

/

e Turn off the switch between SRAM2 VSS_RAM >4 N
and ground /
e Turn on the switch between SRAM2 VSS RAM SRAM1_VDD— — 195y
and AON_VDD SRAML_VSS_ ( .
VDD3V(3V) SRAM2_VDD——’__\—/ |
| G:pgl 0.9V
Llo-SCVR Shutdown ﬂtj g SRAMZ2_VSS (. 0
AONVDD __ Shutown ﬁk‘@gg A() \ \lO32_VDD i . -
SCVR .IALD.D.LQ.QH 2 S e
AONVDD__Shutdownb
VSS ij_ , ‘
T 1 I —
VDD_RAl =z VDD_RRM - @ Vi VD
Y t &
3 S
SRA1 g SRAM2 » | XOB2|| RTC
| 4 [
VSS_RAI % VSS_ | M E % Vi Vsl;
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Dynamic Switching Process: Step5

O Operation:
e Turn off the SCVR

e Enable all protection circuits
e Configure the power gates

VDD3V(3V)

SCVR_Shutdown

4
AONVDD_Sh ut0\=\/n £ PQG:B%
AO NV; D_SLutdownb

-
'Céf
o«

[EEN

/

S5 )
4 S~ Loy

SRAM1 VDD——’—‘
T - Y = SR EAN oy
SRAM1_VSS_ — .
A l~.1.95

SRAM2 vDD—  “——f
0.9v
SRAM2_VSS: V4RI 0.5-0.94
_X032_VDD = \ o.é’;%_.v@y)

[ ¢ \ 4
I | -
VDD_RA E-ll:: = VDD_RRAM E-ll:: P @ V VD
| L I @
> > o U
r |7 | K x| o NlIES
SRAN1 B [gof | SRAM?2 B [go -XX&’? Xa32(| RTEC [H g9
o4& X o =R
=< =< Q o
o e o |7‘_ >
VSS_RA - g VSS_RAM = m vy VS )
- @ [ @
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O Protection circuits
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Protection Circuits: XO32 Protection Circuits

O Purpose: Avoid the supply voltage of XO32 and RTC >1.5V, or <0.5V

4 Scheme N
VDD3V
-T- VDD3V
Ol _1 vol_ref[1] vol_ref[13] 4' Mn
P JEN
x13§ vol_ref[13:2] Stack_vdd3
$—vol ref[14]  vol_ref[10] —o| Mp

L VSSs
VSS
eGenerate reference voltages eUse Mn & Mp to charge

4 Simulation waveform

500

250 1T

0.0 ~

lo /A

-250 b+

-500 p1

00 05 10 15 20 25
V(Stack_vdd3) V

e\When Stack vdd3<0.5V, it will be charged

\to adjust the protection circuit or discharge Stack_vdd3/

\ e\When Stack vdd3>1.5V, it'll be discharged /

~
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Protection Circuits: DRV Protection Circuits

Tracking Circuit Schmitt Circuit Level shifter

vdg@m

e e e e e e e e ol e e e e e -

VDD3V

5 x1004 i vddram

| vddi=S>VDD3V
x100 !
mg: ,4EWW'_4 «4 MO
i x100 ¢ : : : —Ill vddram
IE “:I X100 "II:: ! F VDD_RAM

_____ _rx I—<>|3 TDO— - SRAM

—|% 4| N vsi;iAM

= = vssram
vssram vssram e
vV -V =V, +V.>V
vddram ¥ vssram — Y M F~ " DRV _vM e V.. Forward voltage of Mb

kT —_—
=Vy-7In [1 — k1(1 — e¥T/an) e V,;: Switch voltage of Schmitt circuit
p



Track Circult: Process Variation Tracking

/_[ Ve Vvs Process Variation

vddram  Pull-up PMOS  vop

o
=,
— .

k vssram

un®
uyl
-------
.
mu®

.

-

BL -
VSS

Ve iIs small relative to
process corner o

i ’;—T In [1 — k1(1 — e*T/an)

p 1 nc
small variation of V

/_[ Vpry VS Process Variation ]_\

420 4 [0 Bitcell DRV  [] Track Voltage

410 -
400 -
390 -
380 -

370 -
360 -
350 -
340 -

Voltage / mV

330
SS 1T FF

Process Corner

J

O Vpgy SMall relative to process corner

-

v

/
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Track Circuit: Temperature Tracking

f{ DRV: Negative Temperature Coefficient

s subthreshold leakage 1 gate leakage

4 —— SS
-—-- TT
—— FF

100 120 140

20
Temperature / °C

\TempT — I /log] — Stability Yield*T — Min DRVi/

40 60 80

/[Track Voltage: Negative Temperature Coefﬁcient]\

-VM
V

vddram™ Vvs

sram

\ TempT - T1 4 Track voltage |

kT —VM_
<V~ In [1 — k1(1 — ekT/an)

|

| Traceabllity of Track Voltage to DRV

500

— Bitcell DRV —— Track Voltage

480

460 p
Slope=-1.04

>

c 440 F
S~

) b
o 420

-40

-20 0
Temperature / C

20 40

O DRV and track voltage are both negative
temperature coefficient

)\

O The coefficients are similar

* R. Kanj et al., "Gate Leakage Effects on Yield and Design Considerations of PD/SOI SRAM Designs", Int. Symp. Quality Electronic Design, pp. 33-40, Mar. 2007.
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O Measurements
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Stack MCU Chip

RS Technology TSMC40nm ULP
Area 2.38mm?2
s 0.7V@Active
...l‘ “'!Il / : Supply voltage 3V@Sleep
DM !’ e . 24MHz@Active
AON Loalc L Frequency
sran| g 32KHz@Sleep
|18  |RAM Size 8K Bytes
] Sleep Current 115nA
- ULPMark-CP Score | 1205

O Architecture 1: flat with SCVR in normal operation and sleep state

O Architecture 2: dynamic flat/stack architecture in which the flat mode is in normal
operation and the stack mode is in sleep without SCVR
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Measured Stacking Voltage

Voltage / V

Enter Stacking Stacking State Exit Stacking
4 D o
3.00 l'_""'-,ln Stack_vdd1l Stack_vdd2 Stack_vdd3
i
2.00 ) 'I,."'-._‘- -:"-l._|I ;'-.\__ -"'l.\‘ I ' :. '
B RN

0.00 0.50 00 1.50 2.00 2.50 3.00 3.50 4.00

k J Time / ms JL

Stack_vddl: SRAM1 VDD_RAM / Stack _vdd2: SRAM2 VDD_RAM / Stack _vdd3: X032 & RTC VDD
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Measured Stacking Voltage

Voltage / V

Voltage / V

3.00 ~——\ Stack_vdd1 Stack_vdd2 Stack_vdd3
2.00 \". B P e
n g § i e, " .
) II. x 1_:::- -:.'| .,__:__:- ._-.,_ _Ill"l-.l___- .I-::-I:II‘-"'-___LI_'I-""-. - '-|-.|-"_-_.I| '-::I " L\:'-H"\I\.
1_0 e e ™, R R e e "—_
0.00 1050 I 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
7 Chtar Cianinss Time / ms

’I

Enter Stacklng ~~~~~~~~~

Steg 0l _Stepl I Stegg Ste|93 Steg4 O

30 |
| | s L
I I |
20 | | 0
I | =
I I —_— 0
10 - I" i '] e I
Iqhw | D
o '10 od 30 '40 50 60 70 80

Time / us

Stepl: Reduce the voltage difference between
SRAM1 VSS and SRAM2_ VDD

Step2: Stack SRAM1 and SRAM2 @0.9V
Step3: Stack SRAM1 and SRAM3 @3V

Step4: Stack SRAM1, SRAM2 and X032,
RTC @3V



Measured Stacking Voltage

3.00 : > Stack_vdd1 Stack_vdd2 Stack_vdd3
:"l:]. s\\~
i"\‘\‘- VDD3V
> o, |
~ |2.00 SR _ . . N
& H.‘-_L-h._:*‘l‘.:-:__;*”w Adjust stack current |°IJ_I_I°°CC381 tjr‘&“:__-,_{‘am:::ﬁ%t
E, 'E%: by configuring pgl- x23
1.00 pg4 d |:~=C(:B84 =
E hl""l---""--li""| Stack_vdd1

0.00 0.50 ._J__Q.Q_——"’ZI.’BO 2.00 2.50 3.00 3.50 4.00 4.50
Time / ms
§tepgl | Step1 _LStepZ,l B Step3 __l o Step4
30 | | Co T
| | [ B
> | | | I
2/2.0 | I l l
o) I
S | | [
=) | | — -
110 1) |
[Ser— |
| 0o '10 2d 30 '40 50 60 '70 80

Time / us
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Measured Stacking Voltage

Voltage / V

3.00 Stack_vdd1 Stack_vdd2 Stack_vdd3
200 I:‘.." hh ‘...\' -‘l\‘ ﬁ‘.‘-"'-u.w ‘-‘H-"-L_:‘--"Hﬂ....‘- |
) . I } - 1 } 1w
B e e
1.00
,,.— ==—==--§ ---\“
/ \
4 \
0.00 ,70.50 1.00 \
,’ . . - - . . . .
s’ Protection circuits are triggered Protection circuits are not triggered\

If""un‘x"" h"'"-n._’ o Hah%-:?t x&‘\iﬂ%

_r

~150m_V ~300mV ~500mV
i -. -
[ e
|

12.5mV

16mV

e Stack_vdd1

T T AT T A

“eaunne Stack_vdd2
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Measured Stacking Voltage

Voltage / V

3.00 : Stack_vdd1 Stack_vdd2 Stack_vdd3
T,
¥
K
2.00 \'x B P P ‘ :
- . oy a |
Mﬁ'!—:‘:::ll l."I-.l_'-_-_l-'| lI-__:.:-II"‘."I- '-__I:'l."h_'_'_-_l-_':-‘.":::_-_-_::r}"\'- II‘L-"-_':_.IH-'H, .-...:'".--'__ "-::'.-.lh'- III."-L.::_-?‘_\
1.00 R e e e e R e e R e e R
0.00 _ 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 450 | |
___________ o .~
_ _ Time/ms ___—-—-===="" Exit Stacking s
O Stepl: XO32 & RTC exit stacking Sleep :: Stepl + Step2 : Step3
O Step2: SRAM1 and SRAM2 exits 3.0 o | |
St a Ckin g > || R Stack vddil i P _"__|
. o[2.0 - l «=-- Stack_vdd2 II
O Step3: SRAML1 restores 0.9V power s | J - : :
Supply > 10 | SeStack _vdd3 | |
O 10|l 20 30 40] 50 60 _70] 80

Time / us
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Measurements at Different PG Configuration

—m— Stack vddl —a—Stack_vdd2 e
A —e— Stack_vdd3 ] Leakage A

Stack_vdd1
Configuration Circuit

-
-
-
-

\\\\\\7\\\

) 7 7/

pulpy2pg3pg4  pglpg2pg3pgd  pglpgy2pg3pgd pglpg2pg3pgs

Power Gate Configuration “ StacKig,at
AN (SRAM1+SRAM2\
AN FXCB2HRIC) I0s 15nA
O Stack voltages are reduced by ~40% from .
(P91pg2pg3pg4) to (pg1lpg2pg3pg4)
O Sleep currentis as low as 115nA @pglpg2pg3pg4 \
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ULPMark-CP*

ULPMark-CP: EEMBC’s proposed benchmark, focusing on MCU'’s power and energy
ULPMark-CP Score: inverse of the average power times 1000

A

Energy

Sleep

Active

ULPMark-CP Scores

Time

Core
Vendor Profile

Hardware Score  Cert. (3.0V)|
ON Semiconductor RSL10 J N 1090
Rev 1.0
Nanjing Low Power IC
Technology Institute Co., Ltd \ \ 856**
LP5100 Rev.1
Ambig Micro APOLLO512- 395
KBR Rev.A3
Ambig Micro APOLLO512-
KBR Rev.A3 v v 318
Renesas Electronics
R7FOE01182CFP v v 366

* Embedded Microprocessor Benchmark Consortium, “EEMBC ULPMark benchmark,” Oct. 2014, Accessed on Nov. 23rd, 2020, < https://www.eembc.org/products/#ulp>
** Another chip of Nanjing Low Power IC Technology Institute Co., Ltd. The score is certified.
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ULPMark-CP Measurement Setup

ey 1 | PC |
~----- Control the measurement setup and view
the results

s J-Link
Load programs to MCU

& Energy Monitor
Power supply and signal acquisition

| [{V\, Test Board
=W =ad Carry the MCU chip

e 2
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Measured ULPMark-CP Score

14 | | Normal | Sleép’!
y|ULPMark componsent Scores: 1.0 ~1msy il ~999ms |
4 1: 1196.2 0l BN i
12 2: 1207.96 06l i i
1 3: 1209.95 < - i i
. 4: 1209.31 e ] 5 |
7o 10 | |Finished ULPMark collection. — 067 ! !
Finizhed lli{'::-'l-i.l-c codlection ’9'/’ GC) 0.5: i i
= 0.4: : :
8 O o | |
7 0.2 i i
6 0.17 i i
5 °0 1 — 3 4 5
Time / s
4
3
2
1
oo

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10
Time/s
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Performance Summary of Stacking MCU

ON Semi. RSL10

Ambiqg Apollo512-KBR

This paper

Flat/Stack Dynamic

Architecture Flat Flat Flat L
Switching
Process 55nm 40nm 40nm 40nm
Voltage 3V 3V 3V 3V
Frequenc 24MHz@run 24MHz /| IMHz@run 24MHz@run 24MHz@run
d y 32KHz@sleep 32KHz@sleep 32KHz@sleep 32KHz@sleep
CPU 32-bits ARM 32-bits ARM 32-bits ARM 32-bits ARM
Cortex-M3 Cortex-M4 Cortex-M3 Cortex-M3
SRAM size@sleep 8KB 8KB 8KB 8KB

1/O 12C / UART / SPI| 12C/UART/SPI |I2C / UART / SPI| 12C / UART / SPI
Sleeping Current N/A 369nA@3V 170nA@3V 115nA@3V *
ULPMark Score 1090 378 920 1205 *
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Outline

O Conclusions



Conclusions

O A dynamic voltage stacking scheme presented
e Flat mode at active state
e Stack mode at sleep state

O Protection circuits for avoiding too low effective supply voltage
e A DRV protection unit for memories
e A XO32 protection unit for XO32 and RTC logic

O A40nm MCU chip is verified and achieves:
e 170nA sleep current and 920 ULPMark-CP score @ flat architecture
e 115nA sleep current and 1205 ULPMark-CP score @ dynamic voltage stacking architecture
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