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Wearables:
an exciting high-growth market
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Why aren’t we there now?

Size & Usability:

Need to develop sensors
that are small & seamlessly

integrated into daily life o
| Mission:
Battery Life: Address these
Need ultra-low-power issues through
and/or energy harvesting innovative
to minimize re-charging transdisciplinary

\ research
Utility: o J

Need to develop sensors
that are actually useful




Wearables Roadmap

PHASE | PHASE Il PHASE III

Devices on the wrist Patches Unawearables

b

+ Well-understood use case + Many sensing modalities
+ Room for a battery

Applications:
Health & Fitness

— Requires daily user

— Limited sensing interaction )
opportunities — Not convenient Entertainment
— Maintenance burden M edl caI

+ Built directly into already
used objects/textiles

+ Many sensing modalities

+ Automatic wireless
comms, energy harvesting

MARKET SIZE

Research challenges: new biosensors,
s ultra-low-power bioelectronics, energy
harvesting, soft integration
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Pushing the frontier on

new wearable sensing technologies

Non-invasive glucose and alcohol sensing Hybrid physiochemical
Sweal : & electrophysiological sensing

< : Lactate |  First
5, demonstration
3, of real-time
ol ECG+lactate
£ 1o0] recording
3120- fw./‘,\\A

Dual lontophoresis 3 A

J. Kim et al., Advanced Science’'18 S. Imani et al., Nature Communications’16 ' so?l'ir::)(;)s o

Bio-energy harvesting
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U%D Maijor limiter in loT devices: battery size / battery life

y,

battery life

v604 of Batte ry

Challenge: Not a lot of room
for large passives/converters

Challenge: Require high efficiency

over 1,000,000x dynamic range Research goal:
-4 T Simultaneously increase
S 10s of mW-> ||RX o
2 efficiency and power

Sensing density over a wide
0.1-10pW Process .
Vo Ide dynamic range
Y7 t

6 ~97% ~1%



Conventional Goal
Bulky L, high-Q

Wearable/loT Chip Wearable/loT Chip
2.8-4.2V 2.8-4.2V
LDO I——> PMU*
— lo.s-w _‘ lo.s-w

— Sensors || RF Sensors || RF

Process Process || TX/Rx
2180nm Chip <28nm Chip <28nm Chip
High-V transistor available Only Low-V transistor available

PMU*: Power Management Unit
with or without off-chip inductor



U%D Li-ion Fully-Integrated PMU Challenges in 28nm FDSOI

Scaled-CMOS
Challenges \
Only Low-V Only Low-V Poor quality

transistors available capacitors available on-chip passives
\ 4 \l' ____________ ‘L R .
Transistors Capacitors - Large ESR, parasitic cap |
stacking required stacking required .cLowdensity _ ________ !

l l{ Poor efficiency

------------------------------------------- x Low power density

——

- Complex power-hungry drivers

High conversion ratio
- Many level shifters

ey e e * 342V . . A
_ Li-ion o s |
Poor efficiency Battery | << 0.6-1V
' b oT &
. Wearables

Input ‘PMU! Output




U?D Towards Fully-Integrated Li-ion PMU in Scaled CMOS

2-Level Buck 4-Level Converter
Vin

28V <V, <42V

1.5V

Transistor

V,:0V, .
ﬁ w77 i m—) 2V,/37

VOUt

Small on-chip L, large ESR
-High Switching & conduction losses
-Poor efficiency

Reduced swing at Vx
F, reduced by > 23x
& efficiency by up to 33%

DCM-operated
Constant |,
Normalized Switching Frequency
1

0 0.2 0.4 0.6 0.8 1
Vout/Vin

st_ 4L 1/3 - Vout/Vin

st _ 2L 1- Vout/Vin

S.S. Amin et al., JSSC’19



Conventional 4-Level

in
Vmax-MIM =1.4V 4g

Reducing cap
area by 4x

2Vm/3(r\)

ik cukvis
%Cfl C1 Vm/3

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

4 caps needed
Large area!

Low power denS|ty

Proposed Modified 4-Level

1ca

+
Vin/37

Cf1

Vin
{ only V. /3 -c'EV/r
4L

Vin/ 3

L

Reduce
overstress

Changing the switching states of flying caps reduces the cap voltage stress

S.S. Amin et al., JSSC’19



Driver Architecture

ey, Vi
topl;,| Level I:E Vtopl:' V. Vv
Shifter l{ top1 in
\ 2/3V;
T 5. 23V, 22V 13V

T_c' Va1 Vin

S.S. Amin et al., JSSC’'19
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welbie Measurement Results
. 4000x
80—
70 Vourr1V i
S
S 60—V,,=0.8V
o | v |
50 V,,=0.6V afaa
= 40 Ideal LDO |
[l 59 |+38.9% +41.5%)| +47.6%|
20_ T _ o _______
10 S
10* 10° 102
out W]

14 S.S. Amin et al., JSSC’19



== Towards Small Form-Factor Single-Inductor Converters

Vbat SIMO ) Staget | Viq  Stage2 o
J Kim et al. VLSI1 : Energy harvesting & MPPT T Voltage regulation - Single input
— Vi, St‘”e — Vi - Single output
_VL2 storeI K. Kadrivel et al.,i = Cascaded losses
1 10y, L F o« =iiw L isscoiz
- Via
S Stagel ' S. Bandyopadhyay et al., T~ Single stage + No cascaded losses
Energy harvesting 8MPPT | %55¢%_ q_mq_lj + Multiple outputs
! L1 : :
. PV VStore e 1 @ lK Chew et aI ISSCC’13 - Single input
| AN TEG —’W“—E/ J_';i | ARAR | = =D.Damak et al., VLSI"5
i Y @/j l storeI iil l E MISIMO .|\_/bat _I\_/bat
. TEPEZO = T i<StagerT ! \ \ +No cascaded losses
S Chowdary et al., JSSC'16: ,_\_/_ql_t_a_gt_e__rfz_gyl@_tl_qn_ PVTEG | | /—V/,, + Multiple inputs
+ Multiple inputs l l I::_VLZ + Multiple outputs
- Cascaded losses ‘ = g @;FC L L~ =V
- Single output =

S.S. Amin et al., ISSCC’18/JSSC’18
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BAT 1‘ d2-L

®1-TEG

Vh2 oo

®1-BFC

BFC —/ oo

Triggered by
PV comparator

Triggered by
BFC comparator

AL

Triggered by
TEG comparator
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P
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== Challenge: decoupling MPPT and Load Regulation

UCsD

Battery
®1-PV Vear @2-BAT

VH1
o— <L J),T oo Vi
y 4 J |®2- L2 0
H2 670 Y Y Y o—1L2
( TEG | o i = I >L2
A S Vi =
o— ;{i: i‘*’ —o"o 3 Triggered by load
- - | < comparator
| L L 2
Proposed QA | ’/
e t . > :’ \7)‘ t,
| T<p1-PVf'; l
> «—> |
High voltage ripple Extra charge recycled to battery
T, setfor  T,,Set  Degraded load regulation MPPT & load regulation decoupled

MPPT by ZCD Trade off in “K. Chew et al., ISSCC 2013
S.S. Amin et al., ISSCC’18/JSSC’18



MISIMO Event Driven Controller

@ Triggers end of inductor
switching cycle Stp1

MISIMO Triggers

—0” O—e oV| 1 1) Source Comp.
CLit= IL1 2) Load Comp.
Sip> 3) ZCD
0" 0—} S IVL2
. Lzﬁ «° $o, ZCD=1
LD3 (o 74
0”0 oVL3 / t
CLsﬁlu
T¢1 T¢2 ,
- —OVref1
Triggers the MISIMO

for energy lcontroller Triggers the controller to
deliver energy to the load

harvesting
+
I
- Vmpp3 O— >_
S.S. Amin et al., ISSCC’18/JSSC’18

@
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 welbie MISIMO Measurement Results

' Sensors

@ﬁ
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e Hybrid SIMO

H-SIMO: Hybrid SIMO (@) * g . o= b 90 ]
V=08V 1 o . t479um 1&@ |
Vin (2.8-4.2V) u.wpwﬁww,pm,ru.w‘mm ' i : L ,‘m..._fa_..m [y " 7 S WAL .;._,
|+ 1 thin oxide V=06V, I, =600pA B, 1 g 0 % F‘-“-m'ﬁ% |
- WMMNWWWWWHMMWWW#WWMN‘WMW?WM#M
) A o l
L=40nm _&_ . ,' WP PP P ;“|: - f i
Vov=Vin/4 Via1 'VLc|3=0-4Va |Ld3=4olm I W a o f )
et M a ;’,' e G Al ; o gl - i Digital circuits for |-
- woevm% ‘|,; D A —— ]
L= Ldi 40pA &' — @
Cf1 Cf2 ______ . L e N ARARRARRWARNS A . i I
ﬂ;a: VLd2 k Tr-12n5 I .l ......... -—
inductor E: * Li-ion compatible in 28nm FDSOI
2 . .
(3.7mm?) | &y, « Simultaneously regulates 3 loads w/ one inductor
» Peak efficiency = 91.4%

|ﬁ
1
|_|_|

4,000x dynamic range w/ >70% efficiency

20 S.S. Amin et al., CICC’20



Harvesting energy from human perspiration via lactate biofuel cells

Watch “OFF” Watch “ON”"

120 Buffer
Pyruvate ﬁ o, «—~ 100+ e
4,3:)1 Pt __g_ — QMM
}Jg% % = 807 e 12MM
“{E' 0 =2 e 15mMM
ko £ 604 — 18mM
=% —21mM
M g y W 3 40 "
it : § 204
St _ °

0 L L] L L L L L L
00 01 02 03 04 05 06 0.7 08
Potential (V)

S TR A A s e P AR e R

J. Wenzhao et al., J. Mat. Chem., 20?2



Power Density/ mW cm”

22

Islands-bridge

power density

while retaining

1.2

structure
enables high

(1mW/cm?)

stretchability

Increasing BFC power density

B Lactate
: C
I Pyruvate

[fau ENQ
2420 @eNTHAgO
LOx M Chit
B —isg+0, Sufficient power to
ERRCE operate a Bluetooth radio

0.84

0.4-

0.0

Buffer
—5 mM
—10 mM
15 MM
e 20 MM

E-BFC

BLE
Receiver
————

BLE e

0.0 0.2 0.4
Voltage/ V

Transmitter

. Bandodkar et al., Energy & Environmental Science, 2017



Self-powered glucose sensing

V,,=0.3-0.4V

1Mbps

256 1 o

kHz kHz cycled)

.| Sinc? | + |Serializer
filter | ..,] +FIFO

_______________ ! | Clock gen/| Oscillator 916MHz
boosters )
.. v o t .
diagram: our ncreasing
: e[| <M%dulycyde ] concentration
r A \ Glucose or Gluconolactone @
G ’ Lactate or Pyruvate (
LOX ~am > LOX
&L, \‘_/,;Gomg- v
IN

BFC Material Compc

@covox @esa
Electrical collector Ei
Cathode L
CNTs/NQ mediator nanocomposi
[l 29,0 nanocompesite

23

OV 04V 02V 03V 04V

*No DC-DC converter
« All circuits optimized to operate at 0.3V

 Full wireless capabilities

*1uW average power

700+
600 -

500+

Maximum power (uW)

4004 «

5.0 7.5 10.0 125 150

Glucose Concentration (mM)

A.F. Yeknami et al., ISSCC/JSSC, 2018



Inductor-first conversion

V ; High Voltage Low Voltage
IN Passive-stacked 3 order Low Current High Current

. - T \

OHCK <

A g (F53P) converter Switches || Small Inductor [Vour

(Small Roy) || (Large DCR)

v /

Split into two half-sized inductors
~and stack at input

The input capacitor is now flying

All passives are stacked at input

Inductors are placed at the low-current side of the converter

A. Abdulslam et al., ISSCC’19




Center
: or '
- Wearable
. Sensors

2.13mm

3mm

~
A

2.1

Iy

-

|

7|

iIllIJII

soeccaczaazaas
L EETRRANTAINEIE  eee—

2.33mm
Bottom-side

PS3B Measurement Results

Npeak=94% @ PD of 0.18W/mm? Max. PD of
0.7W/mm?2
190 @ 86.6%

a0l Voyr = 14V
S
= 80
)
c
o
© 70}
=
T

60

50 . L . !

0 0.5 1 1.5 2 2.5
l, oap [Al A. Abdulslam et al., ISSCC*19

Benefits: reduced EMI and input noise, area-
efficient stacked-passives, smaller inductors volume



% A symmetric modified multilevel ladder T
(SMML) converter: A iR
— Consists of two sides each with 2 capacitors and viL VIR
6 switches. oL SR
«* Features: o1l j i _ICtR
v Decreased conduction losses due to S3L S3R
inherent phase interleaving. .% F.
v" Minimum blocking voltage on all L, S4R
switches/capacitors. CLLl /I X i LR
v No need for voltage balancing modules ss. | Lo Vo s
flying capacitors are naturally stable. % I\ V3R
v" All necessary supplies are generated S6L  Cour S6R
internally to power drivers and level shifters. {; \v 4 é

26 A. Abdulslam et al., JSSC’20



Center

We!::;u;"ﬁ: SMML Measurement Results

. Sensors
100 Peak Efficiency @ Conversion Ratio
' ' ' " [—e—This work
95 | —<—ISSCC’17 Liu ||
— —+—TI TPS8268120
90 X g0l —o—TI TPS8268090 |
= —=—Intel EN6310Ql
Q
E, 851
(&)
80+ = 80
L
75
70

0 2 4 6 8 10 12 1415

Peak Power Den5|ty @ Conversmn Ratlo

Efficiency [%]
N
o

60| [| o Vour IV —= Vo0V el os T,
—VourV —=—Vour 04V | E —+—TI TPS8268120
eV, =09V —w—V_ =0.3V S 047 —o—T1 TPS8268090
out our —=— Intel EN6310Q
= >
50 Vour=0-7V \\( £o3 d
i ' ' ' : c
The inductor gnd the 0 5 1 15 2 25 Boz2}
output capacitor are I [A] =
mounted under the chip LOAD 2 0.1
o
o 1 1 1 1 1 1
0 2 4 6 8 10 12 1415

27 A. Abdulslam et al., JSSC’20 Conversion Ratio



CMOS Power Amplifier Voltage Challenge

Vear=
BA_Tl_ 4V Idea: utilize many efficient ~1V
e Veros= 1V class-D PAs and combine
) power with transformers
DC i Py ( Ver> 5V
MIpc-pe ' | 500 Problem: three voltage
conversion stages leads to
cascaded losses:
—PA
| | N Ntot = Npc-pc Npa Nxfmr < 30%
”PA

Vbar o
H_.
Toe.pe Npy o

Vemos - -------- q il
oND VAVAVAVAVAY back up in voltage?

There must be a better way!

Why do we go down, then

28



Partial Solution: PA Stacking

Stack entire class-D PAs for current re-use:
~100% efficient implicit DC-DC conversion

Voir Two-stage cascade:
Ntot = Npa Nxfmr
HH PAS>——
Problem: still require lossy
! / transformer to achieve high
S Vaar output power in scaled CMOS
VrE ”xﬁnr
PA
& 500
’?PA

29 L.G. Salem et al., JSSC’17



___________________

__________________

Idea: generate large RF voltages directly from a battery using ~1V devices by stacking PAs,
then flying subsequent PAs between the rails of the prior stages in a House-of-Cards Topology

Vear

VRE up

1

VREdown

2_VBATE B s B e

GND — -

L.G. Salem et al., JSSC’17
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Idea: generate large RF voltages directly from a battery using ~1V devices by stacking PAs,
then flying subsequent PAs between the rails of the prior stages in a House-of-Cards Topology

VBAT

VTC
Flying
{E domain*
VREdown
___________________ \ <
i ‘ &
:V——;l- } ’ OQ’ {/5’
i 1 &R
| VRE —N + i ’&@@ o
1 1

io.jVBAT - 1 EVBA‘Ii /?7(’\ ®®Q
iVRF . Cry | — i . &
| | O
i VRr —>l i <
I |
l ]

__________________

*For more information, see Salem et al., ISSCC’16

GND —

Vear

VRE up

1

VREdown

2_VBATE B s B e

GND — -

L.G. Salem et al., JSSC’17



32

Idea: generate large RF voltages directly from a battery using ~1V devices by stacking PAs,
then flying subsequent PAs between the rails of the prior stages in a House-of-Cards Topology

VBAT

No need for
impedance
VREu .
Rsup transformation
VHoC l
I\ i Vout
Iﬂé} BPF
Flying 500
domain

VREdown

High power RF
waveform synthesized

directly from Vg, using
low-voltage transistors

*For more information, see Salem et al., ISSCC’16

VREdown

GND — -

L.G. Salem et al., JSSC’17



Level-shingting non-overlap generation

r—
O

33

4.8V
°| 36 48 1.2V maintained
— et . at all times
T~ % ‘;' ‘.‘
L ! U 2436
-3.6V e
T | 4.8 Possible
L 2436 - 12,24, voltage
P ‘-.\/,’/'T\ 36,48 states:
L 4y EI — [ - g5 L 0,1.2,24,
' 3.6 ‘ | > 36,48V
—
1 q 1.2,24 1 012
T . - 24,36
| - 0,1.2, RF charge |
’T\ 24 T transfer
2 RF current switches
path
DC S
- . balancing 5
DC volt h tl ted I
voltages inherently generated; only witches

mismatch charge needs to be delivered

L.G. Salem et al., JSSC’17



Measurement results: PAE

40.8% 40.3%
AR —Class-B TN | ' 65nm LP
Model 8 39 1.2V transistors
301 Measured 19-27% Direct 4. 8V Li-ion battery connection
30¢

Efficiency [%]
n
o

Assumi - |
80% officiont = -IIEE

converter

5 10 15 20 25 30
. Code B
>40% battery-to-RF power-added efficiency at both

peak power (23dBm) and at 6dB backoff

34 L.G. Salem et al., JSSC'17



A nW Wake-up Recelver

Transformer Envelope

Digital 04V
Filter Detector Comparator '

Correlator T

L ‘?g (.I)z :Ij T Swwemw  Signal

0g detected

|_ t 2x sampling t
J EJ piing l

25dB" 4 dB SNR
passive gain improvement

Reference  Relaxation
OOK input ladder oscillator
Wake-up

- > %W‘*ﬂww FAFATUT 1T sgnal

High R;, ED supports high passive gain front-end

w/ high-Q filtering at low power
H. Jiang / P-H. Wang et al., ISSCC’17 / JSSC’18



WuURX Measurement Results

 Power consumption: 4.5nW
 Sensitivity: -69dBm
« Wake-up latency: 53ms

wug

30
-40 + &
© [cicci3)
T 50
S 60 | © usscci6]
= o o
= 70 | g O[ESSCC'H]OOO o
‘B This work (ISSCC'08]
s -80 o o ,
» o [1I5SCC'10]
90 | = .
[1ISSCC'15]
_1un L M 2 3 g aaal " M g 2 a2 pasl M 3 L 3 s aaal M 3 3 2 s ssal M 3 -.--9
10° 101 102 103 10¢ 105

Power (n
36 (nW) H. Jiang / P-H. Wang et al., ISSCC’17 / JSSC’18
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 welStbie Challenge: standards compliance

. Sensors

Most standards use complex modulation at high data rates
—> difficult to build an ultra-low-power RX w/ good sensitivity

- : Hack a standard-compliant signal to look
Back-channel communication like a simpler, lower bandwidth modulation

N. E. Roberts et al., ISSCC’16

Friq' Bit repetition looks like lower data rate FSK
-|-Af = (:::_””) e @ @ @
Exam Ie: f Lt >
P _mcc L | Time

Single adv. packet

M. R. Abdelhamid et al., CICC’18

37



BLE advertising channels and wireless co-existance @ 2.4GHz ISM band
Direct channel-filtering using 0.25mm?single-die 3-channel FBAR
i

BLE advertising event structure

RSSI TX low duty cycle mode ' i
single adv. event<20ms h 7 n
- ! \\h_‘_
(h.37 (h. 38 (h.39 )
<l0ms — <10ms fime 37 WIAN 38 WIAN WLAN h.39 Freq
2400MHz  Ch. 1 2426MHz ~ Ch.6 ch. 11 2480MHz
Matching network IF LNA BB PGA+LPF Comparator
i Wake-up :
> BB [—> Frequency-hoping
T 0oF between advertising
b s
T~ T2l [ e I ivider]—— . i sl e
Single-die | ; i IF Osc Oversampling EEEERESE
3{;}3 a—nlel—F-[.;AR 1 | Channel selection detection
I j. e
A

38 P-H. Wang et al., ISSCC’19
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; Measured under worst case
timing alignment between 1
200ps signal packet and
500us jammer packet 1

> ©
g-n

oo
= =
= X

]
=
T

I/ Image  Single channel w/o &

Signal-to-interference ratio (dB)
[ £+ ]
(=]

40} frequency-hopping voting
sol  3-channelw/ 802119 BLEjammer]
frequency-hopping voting WLAN jammer 4
70 1 BLE advertising source

"5 40 30 -20 10 0 10 20 30 40 50 wrZW| Fi sources
Frequency offset to carrier frequency (MHz) S
39

0 0.5 1 15 2 25 3 3.5 4 4.5 5

O Sensitivity: -85dBm @ 220uW
0 27.5dB better than prior-art

4 Latency: 200us-to-1.47ms

O SIR: at least -60dB SIR (limited by
measurement setup)

BLE sign'al +Wifi jarnme'rs
Ch.37 (h.38 (h.39

Pseudo-differential ED output

Wake -up w/ majority

Incorrect acketlen th
p 9 voting decision

corrupted by jammer

Time (ms)
P-H. Wang et al., ISSCC’19



Conclusions

* Next generation loT devices require:
* New sensors and sensing techniques
« Small form factors
 Long/infinite battery life = often limited by radios

* Meet these needs through:

App”cation * New communication paradigms
. . * New sensor development
Engineering

ArCh iteCtU ra| » New sensor transduction/digitization techniques
. * New power conversion circuit topologies
Innovations

N W ir | * Topologically-defined “digitally-replaced analog”
= C th t * Deep subthreshold DTMOS
Techniques

40

Exciting
loT
oplicationsl
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£ e J
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