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€ Energy-efficiency in 10T systems
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€ Switched capacitor DC-DC converter
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€ Summary

Multi-Layered Ceramic Capacitor (MLCC)



Emerging Applications
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Requirements for loT / Wearable Devices

Wearing-unconscious

(1) Ultra flexible / small-size
(2) Wireless

Maintenance-free

3) Energy autonomy
(Low energyj+ Wireless powering/

Energy harvesting)




Ultra-Low Power for loT
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Minimum Energy at Low Vg,
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Our Sub-0.5V Circults
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Key Techniques for Sub-0.5V Circuits
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0.5V SoC for Image Processing

— Extremely low power 0.5V S0C ————

= 0.1V
> Power management ;

. Sola » o.5vf 0. avff(') 5V 0. 6fo(') 5V 0. svffé v\

Sensor » AD | Logic }—{ SRAM |—
converter

\. J

TEG: Thermoelectric generator

Integrated power management
circuits are important to achieve
energy-efficient loT systems.

5mm

v
M. Nomura, et al., VLSI Symp 2013



Outline

€ 0.45-V input buck converter«
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Target of Gate Boosted Buck Converter

B Target: P ,{/P>90% @ Py =2uW~50uW

LS|
Input power - Adaptive Vpp N
put p control for near-
(Pin) V. logic circuits Qutput power (Poyr)
LI power Vour
y transistor (0.4V)
IN
(>0.45V) == Logi
gic
Control E (Load)

N /

B Low P, = Controller B Low V> Loss in power
power becomes dominant. transistors increases.




Low Quiescent Power (= Controller Power) )
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Quiescent power
B As the quiescent power increases, the efficiency decreases.
B For 90% efficiency @ Po =2uW, target quiescent power is 222nW.




Concept of Proposed Buck Converter
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On-chip Gate Boost for Power Transistors

emn
o*

CK Ve LI Vi
(20kHz) : SC DC-DC
VIN__ 2\/IN
: SC DC-DC
|
CK_PWM

B 2 power rails are generated by on-chip switched-capacitor (SC) DC-DC

converters.
= Loss in Mg and

My IS reduced.
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On-chip Gate Boosted Buck Converter

450pum

PWM controller

Power transistors

1050pum
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2V, SC DC-DC
40nm CMOS

Technology 40-nm CMOS
Input voltage 0.45V
Output voltage 0.34V~0.44V

Output power

270NW~165uW

Output ripple

<5mV

Max. efficiency

97% at 7TuW

Quiescent power

at I -=0 140nW
Active area 0.043 mm?2

X. Zhang, et al., VLSI Symp 2012



Efficiency (%)
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Measured Efficiency vs. Output Power

With gate boost & clock
gating (proposed)
\N

100 [ D V,=0.45V
00 5 ......................... ......................... VOUT:O4V .....
80 [

[ : On-chip 7
C A 1|
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- ‘( w/o clock gating
60 55% -2 96%
~ Clock M@ 15pW
50 F gating 60% > 67%
- of SR @ 270nW
40 [ L L1l L il Ll
100nW  1pW 10pW  100pW

Output power

ImWwW

>90% efficiency
IS achieved from
2uW to S0puW.

0.4V
(Ideal LDO= WY,

=899%)




Comparison with DC-DC Converters
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Output power
B By virtue of OGB and low-power controller (140nW), the highest

efficiency (<40uW) is achieved.



Outline

€ Wide I, buck converter «
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Buck Converter for Wide |5+

B Sleep mode consumes more than 95% energy
B BLE specifications: 15 mA (active), 1 JA (sleep)
B Load current range > 104

LSl system in 10T, wearable devices,
Implantable electronics, etc.

Battery e e e
(2.4-3.3V)
DC-DC converter
I
I —
I Crystal V. =15~16V ‘ ILOAD - 1“A
Q, | oscillator out — ' Dominates total energy
I lLoap = 1HA ~ 20mA consumption and efficiency
! v
I
: TX & Rx Sensor CPU/GPU| | Memory Others
I




Low Efficiency at l5,+ < 1pA

Buck converter for loT

Efficiency

100%
95% -
90%
85% |
80%
75%
70% p
65% [
60% I
55% F
50%

Vour = 1.3 ~ 2.5V

0.1pA

saaanl 1
1pA

Lo sl 3 s aaanl 1 Laaanl
10pA 100pA 1mA 10mA 20mA
ILOAD

Ol .o range > 104
0n<80% @l oap <4MA
O n~35% @ l.oap = THA

» Efficiency should be improved in y-A region
— Save energy consumption and extend battery lifetime

20
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Conv. Buck Converter in DCM

V) Discontinuous conduction mode (DCM)

—d[ M
’ "L Vo

W DC power of the continuous-

’- My Cour (J) time comparator degrades the
L I v efficiency of buck converter.

Vi
Hysteresis comparator
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Simulated Power Dissipation

B Power dissipation of hysteresis buck converter:

Active mode (I, opp = 10mA) Sleep mode (I, gppp = 1HA)
Psw =0.3% Pyrer ~ 2%

P N

\

P = 5.8%

\

conduction

continuously-on CMP

=0.3%

— 10
I:)SW + I:)conduction = 1%

B Even the I;,.=14A also decreases nto 34% @ |, ;. p=1pA
=> Remove the continuously-on Comparator



Proposed Clocked Hysteresis Control Buck Converter
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» X;: Clocked comparator No DC power in
> X,, X5: Power-gated comparator comparators
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Load Wake-up Operation
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B WAKE_UP: reset f- « to highest frequency (2% f; «)

B Asynchronized logic can be designed to reset f «
Immediately



DD,0SC VDD,OSC

Leakage-Based DCO

VDD,OSC

VDD,OSC

T

)

€

L

Schmitt trigger

VOUT

s

v

Bootstrap circuit |[€

v FCLK_CTRL [21:6]
M = 2048

FCLK_CTRL [5:0]

B Power: proportional to the oscillating frequency
B No additional voltage reference

B | eakage current is designed as bias
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Measured Oscillator Power vs. Fred.

Clock frequency fq « lvbD,0s0)
1IOMHzF _ o ______ 1100pA
IMHz L feLk max //
2 110pA
100KHz}
10KHz} frequency 11HA
<€
1KHz > i
current 100nA
100Hz}
410nA
1OHZ:
f
1Hz - CLK,MIN s 1nA

FCLK_CTRL [21:0]
B Measured 3 chip showing small variation on f¢ «/lpp osc)
mf.,  =7Hz ~6MHz controlled by 22 bits thermometer code
B P.pposc) = 3.9NW ~ 32pA when Vpp ggc = 0.6V




Chip Micrograph

Leakage-
based
oscillator

Buck [
converter |=

1330 pm

Voltage

Control Level shifter

Signal
buffer

P sy
a2 s 8 8.8

1930 pm

B 0.18um CMOS BV, =24-33V,Vo,1=15-1.6V
B Active area;: 0.71mm?2 B Off-chip: 4.7-yH L, 1-yF C

27

C.-S. Wu, et al., IEEE
Trans. on VLSI, 2018
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Efficiency of Buck Conveter

Efficiency foLk (Hz)
100% 1M
|, oap = 500NA ~ 20mA
95% L
| n>87% -
90% | | 100k
107) T M
10k
80% |-
75% |- Efficiency: 4 1«
20% k - This work
65% L ’ A= TITPS62736 [2.6] | 100
)/ -©- 1SSCC’15 [2.7]
ooer 12% ~ 34% ¥ ciccszg |
55% |- 4 improved -©- VLSI'11 [2.28]
50% '] '] '] IIIIII '] '] '] IIIIII '] 'l 'l llllll '] '] '] lllllll '] '] '] IIIIII
0.1uA 1uA 10pA 100pA 1mA 10mA 20mA
VN =3V, Vo1 ~ 1.58V lLoap

H n > 87% over 500nA to 20mA for BLE application
H 12% ~ 34% improvement is achieved @ |, 4= 1A



Performance Comparison

* Active area

B n > 387% over 500nA-20mA I .4 With the proposed clocked

hvsteresis control

ISSCC’'15 | CICC’15 VLSI'15 VLSI'11 This work
[2.7] [2.8] [2.9] [2.28]
Technolo 180nm 350nm 180nm 250nm 180nm
gy CMOS CMOS CMOS CMOS CMOS
Die size 1.44mm?2 | 2.88mm?2 | 2.42mm? | 0.21mm?2 | 0.71mm?2*
Vy (V) 0.6/1.2 2.2-6 3 1.2-25
Vour (V) 0.35-0.5 2.5 1 1
| 100nA — 1pA — 10nA — 1pA —
LOAD 20mA 100mA 1HA 100mA
Peak eff. Npeak 92% 95% 87% 95.2
N@ Il oap =1HA 75% 78% 87% 65%
Inductor value L 4.7uH 2.2uH 47uH 1.5uH
Control PWM, Hysteresis | Constant | Dynamic CIOCked.
thodol PFM, and control on-time on/off time hysteresis
methodology AM control

29




Outline

€ 80-mV input boost Converter«
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Energy Harvesters

Single-cell Solar Cell
Light
N\ » Producing electricity from light

_ ° OUtpUt : 500~-600mV (OutdOOI‘),
100~200mV (Dark office)
p ]

p-n junction

Thermoelectric Generator
Heat

\\\ * Producing electricity from heat
Heat Source| . oytput : 10MV/K~50mV/K

—

AT P

|:> From body heat (2K) : 100mV



DC/DC for Energy Harvester

Startup voltage (Vgyp): The minimum V that the converter
starts to operate.

Vp(<0.2v)  [Step-up DCIDCT v, (>1V)

( —»| Converter w

Energy Harvester e Sensor nodes

* Single-cell solar cell
(100~ 200mV) s

« Healthcare devices

. Thermoelectrlc
generator
o0 E

Target startup voltage of DC/DC converter is 100mV.
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Proposed Dual-Mode Boost

|N(80mV) Proposed startup

gl Il N IS S - -

mechanism

[
Il V,-tuning Osc.
| (DC)

I

Charge pumped
pulse generator
(CPPG)

Proposed Techniques

(1) Dual-mode boost scheme

(2) Charge pumped pulse
generator (CPPG)

(3) Viy-tuned Osc. by DC stress

——

Pulse generator
for operation

¢,




Dual Modes Operation

V,((=80mV)

Startup mode

The system is kick- Osc.

started by CPPG.

CPPG

"’1/112‘;(

H

Pulse gen.

lCKCP~200kHz L[[>_°

¢,
V,(=80mV)

Operation mode

) Osc.
The power transistors ]
are driven by output CPPG
voltage for high 0
efficiency.

¢,

34

Ve
(oveo 5V)

OUT( OV)

T

(0V->1.3V)
Vour(~1.3V)
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Measured Boost Waveforms

Voy-tuned oscillator _IP_ower
W|th cl r

,,,,,,,,,,,,,,,,,,,,,,,

,,,,,

Vour=1.3V

J N

R Vour Startup voltage= 80mV

Startup mode Operation mode
The step-up converter successfully startups from 80-mV V

with 4.8ms startup time. P. -H. Chen, et al., A-SSCC 2011



Comparison of Startup Converter

Startup
Ref Peak |1ndI | CMos
. Min. Startup | Efficiency process
Mechanism Voltage | time Osc.
Boost with
0)
[3] | mechanical | 35mV 18ms 5§/0@ - 350nm
: Viy=90mV
switch
External 75% @
[4] Voltage 650mV N/A V,=100mV 130nm
Charge @ 72%@
BE pump .\ {[Vin=200mv \ osnm
. . P4 P4 P
This | Boost with 60%@ 65nm
work CPPG Vy=80mV
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Energy Harvesting from Thermoelectric Generator
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Outline

€ Switched capacitor DC-DC converter«
® Integration of MLCCs on die

Multi-Layered Ceramic Capacitor (MLCC)

38
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IVRs for Energy Efficient CPUs

Integrated Voltage Regulator (IVR)

Problems in CPU » Solution by IVR
(1) Increase of power (1) Per-core dynamic voltage scaling
(2) Reduced Vg, >Low power
=>Circuits are sensitive (2) Reduced Vq,, noise
to V, noise.
(3) Large I, (3) Reduced I, on PCB

=2»RI2|oss on PCB increases. =2»Reduced RI? loss

DC-DC / Loss: x1/4 % I\//{?S

1V, 100A 2V 50A N
«w i 7
PCB PCB

CPU




Integrated Buck Converter (Haswell)

Half-rail - B}
Vin/2

Pulse Width Modulator (PWM) Regfator
Amplitude | i NMOS, dri
P apici| Dual rail LHHTQ?;': 16 C _—
{(Vh-Vl) synthesizer | Phases
PMOS driver OM H = -
14 Z switching
Vref+
Vib
- [ ]
Program. On-Die !
Compensator 7] Vout ccctvnf
& 16 inductors 1'6
% DAC [ §2 = Package :| Up to 16-phase

9b VID * ; 1 :
i I Vee :
code \V} Gnd” -

‘Power

.16 xbridges Train
MIM Cap :density (20-30 ff/lum~2) Air Core Inductors (ACI): use pkq ACl
traces and PTH's for inductor (High Q
“sandwich" capacitor =~30)
batween 2 metal layers —

N. Kurd et al., "Haswell: A Family of IA 22nm Processors," IEEE ISSCC, pp. 112-113, 2014. (Intel)



AC|

: . Air Core Inductors (ACI): Use pkg
VR CU taW ay VI ew: traces and PTH’s for inductor (High Q

Fine-grained inductor =39
capability

s *;"
e <

2.8x1.2mm.

; = ¢ >-8Amp capable

>
S

Power FETs /

and Control

J. Douglas, "Fine-Grained Power Management Using Integrated DC-DC Converters," Short Course in
IEEE Symposium on VLSI Circuits, 2014. (Intel)
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Inductors on PCB and On-die Capacitors




Energy Density [pJ/mm?3]
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Inductors vs. Capacitors

1000
100
10
1
0.1
0.01
Shielded Shielded Shielded Shielded Ceramic Ceramic Tantalum Tantalum Electrolytic  Electrolytic
SMT SMT Inductor, Inductor, Cap, Taiyo- Cap, Taiyo- Cap, Vishay, Cap, Vishay, Cap, Kemet, Cap, C.D.E,
Inductor, Inductor, Coilcraft, Murata, Yuden, Yuden, 10uF@4Vv 100uF@6.3V  22uF@16V 210mF@50V
Coilcraft, Coilcraft, 170uH@1.0A 1mH@2.4A 22uF@4vVv 1uF@35V
10uH@0.21A 100uH@O0.1A
1\ AN J

g
gylnductor i Capacitor

High energy density of capacitors than inductors.
S. Sanders et al., TPEL 2013
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Scaling of MLCCs

Multi-Layered Ceramic Capacitor (MLCC)

. Die size (100mm?)

A0 W 100

IO.Smm

/ x 1/3200
0.5mm

imm | 0.125mm
pe— /0.125mm

) 1005 0603 x0.5/ 7years 0.2omm

—ll 0202

Ic .
Chip capacito
rs

X 1/200

Muiti laye,

ool b U 0 o o 4 L
1995 2000 2005 2010 2015 2020 2025

Year JEITA, 2015
0402 MLCC = 100nF = 1250fF/pm?
(e.g.) MIM 1-10fF/pm?, MOS 10-20fF/um?, Deep Trench 200fF/pm?




Switched Capacitor (SC) DC-DC Converter 4

IOUT

31H D,
Y
© r * — |y
Cin I cpzo—‘g _
— P
% % -IEFLYl _8_1
1 1
==
2
d’2H°_£° D,y
>, O_L‘L 2
_8_ 2 L3
1 ¢ 1
A
®, = o
2 CFLY2_8_1
1 1

— \</)OUT

I COUT

Technology 180nm bulk
Conversionratio 213, 1/2
Vi 2.7V
Vour 1.1V - 1.75V
Pour @ Mvax 17imW
Tvax 92.9%
Die area 2.73mm?2
Capacitors “?Jg(éh)i(pél
CrLy 100nF x 2
Power density 6

(MW/Mmm?2) @ nyax

4




45

Fabricated SC DC-DC Converter in 180nm

2.7-V Input SC DC-DC converter
mounting four 100-nF 0402
MLCCs on 180-nm CMOS die
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Fabricated SC DC-DC Converter in 180nm

1.8mm

3.3mm
2.1mm

\4 L1 T. Sai, et al., IEEE TCAS II, 2018



Comparison in Step-down DC-DC Converters

100 ; ,
[ [7] SC, Off-chip C Design target
-/ Tsw=NA, Vo,r=1.575v, {5 PD >0.05 Wimm?
95 lou=13.13mA This work,
§, o */ SC, Off-chip C - 00%
— [5] SC, On-chip C fow=4MHz, Vour=1.71V, n ﬁ
S 90 [ fsw=3MHz, Vour=0.9v, i lour=10OMA . ol
= loyr=3.5MA [3] Buck, Interposer L _—
E
> _ fow=140MHz, Vo 1=1.05V,
2 85 | louT=16A [6] SC, On-chip C
&) I (Deep trench)
C i o l;SW=4I\(I3AHZ, Vour=1.1V
4 I [8] SC, On'Chip cC — ouT—
W 80 [t —50MHz, Vour=1.067V, 9
[ lour=8mA 4] SC, On-chip C
e [2] Buck, On-chip L & C 1[: ] :3’2()'\2'_(':2 I{)/ — 0.88V
5 | fsw=500MHz, Vour=1V, 2% _ 3 P TouTT e
lour=150mA out
- o
o bl
0.001 0.01 0.1 1 10

Power Density (PD) [W/mm?]

High n and high PD at low-cost
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Summary

€ Integrated power management circuits for energy-
efficient loT systems

€ Gate boosting for low V, DC-DC converters

& Clocked comparator for low I, buck converter

€ Integration of MLCCs on die for SC DC-DC

converter



