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THE BENEFITS AND CHALLENGES OF NEAR-THRESHOLD COMPUTING
FOR WEARABLE DEVICES

* Pro-active
* Enhance N
e Protect ' |
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WEARABLE DEVICES WIRELESS IMPLANTABLE MEDICAL DEVICES

Deep Brain
Neurostimulators

@9 Cochlear Implants

- CardiacDefibrillators/
& Pacemakers

Smart ) Gastric /
Glasses Stimulators \
Smart
Smart . Monitor

Clothing Foot Drop 5;§§
Implants =

Insulin Pumps

Smart
Bracelet

[http://heightech.blogspot.be/2013/04/cutting-edge-wearable-medical-devices.html]

Strategy : Wearable
Smartphone Create wearable market with Flexible and sensor integration
R
Smart ShOES Evolutglon Integration Sppiication
g ; Watch
GERI | | Podiond a3
™ Sensor
v/ GPS, Gyroscope -
Bended Accelerometer &13 Fitness &
() "V Healthcare
mﬁe L (@o154)
Bio Sensor
B glucose,
[http://enterrasolutions.com/media/Wearable-devices.png] @ ::?ﬁ:;w Fashion
(2018~)
Stretchable
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INDEPENDENT LIFESTYLE ... ENHANCE

&

—_—

/ '\ SURROUND
@)
Ear2ear communication
- Directional hearing <

- Noise suppression

Control: (self-adaptive)
- Adjust to environment (noise level)
- Volume, pitch, tone

Streaming: (invisible speakers)

- Music

- Communication
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ENHANCE

(>
-
Steve Mann's "wearable computer" and "reality mediator" inventions of the 1970s have evolved into what looks like ordinary eyeglasses.

=P |
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ENHANCE ... INDEPENDENT LIFESTYLE

Bluetooth

= \ ’ ’{"'}l -
im / , WiFi and

handsfree
= Megap1xel
camera with
720p video

'GOOGLE Glass

nio 000lie LR RelS] Developer Price: 51500 (US only]
CPU Camera
(incl. GPS) ',."(wcieo / photo)
Ba\tzery
¢ "/, F‘:HSK‘,‘
Speakers Micro U AR
(phone) (phone) (visual overiay)

The main function
Dricrn I8 haged on A
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SENSOR FUSION
(>

—_—

)
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FROM QUANTIFIED SELF TO QUALIFIED SELF

ACTIVITY

Active morning N

Target k\‘ Steps

6,500 /] 2,578
/

Last workout

— 1,251 kcal

Dally target reduced by 3,500 steps

On your feet

¢ 2

1.9 mi -6:-6 hrs 3 events

Data from CALAXY S

WELLBDING

Increasing stress ~

O Suens Lavel

> Pro-active
> Prevention
» Monitoring

imec

NUTRITION

Onset of fatigue »

@ Fatiges OGiucone Lavel

Dats from TRAC

Sleep
® Awake # Light B D“mp Nutrition
11:34P08 £:32AM T ‘
624 kcal
Resting heart rate Calories
. 86 bpm Data from TICTRAC
A Above your average
@ Blood pressure 128/81
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ULTRA-LOW-POWER HOLISTIC DESIGN FOR SMART BIO-SIGNALS
COMPUTING PLATFORMS

5

-
. ‘ ECG sensors
% 4,,; "-( ‘—" EMG sensor ',
EMG sensor "o 8 : |
J ‘ AT ot A 1

>
$
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THE BENEFITS AND CHALLENGES OF
NEAR-THRESHOLD COMPUTING FOR
WEARABLE DEVICES
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WHAT ISTHE DIFFERENCE?
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NEAR-THRESHOLD COMPUTING

dyn_sf C- vDD f
dyn_sf C- Voo’
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NEAR-THRESHOLD COMPUTING . _ . \ ,

E.. ~Vpp?

dyn

Etot @
Edyn A
Eleak 7

10x better
| energy
oo b W efficiency

log Energy

v.
0.001 f v BEE AT APR 4

02 03 04 05 06 07 08 09 1
Supply Voltage Vpp
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THE BENEFITS AND CHALLENGES OF
NEAR-THRESHOLD COMPUTING FOR
WEARABLE DEVICES

= PERFORMANCE

= [EAKAGE
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NEAR-THRESHOLD COMPUTING
THE CHALLENGES

Performance

1000

—.‘-——{- fclk in MHz
- 100

/Z"K)X per 0.1V [ ™

0.0001

0.2 0.4 0.6 0.8 1 1.2
Supply Voltage Vy;,
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NEAR-THRESHOLD COMPUTING
THE CHALLENGES

imec

E = Edyn Estat
dyn =sf- C- Vpp?’
Performance
1000 Estat I:)stat cyc
/./"""'—-{_ f in MHz
- 100
// - 10
/ .
A ~10x per 0.1V ™
- 0.01
- 0.001
0.0001
0.2 0.4 0.6 0.8 1 1.2
Supply Voltage Vy;,
tcyc
E. .. = Edyn + | P - Leakage
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NEAR-THRESHOLD COMPUTING

Point of mlnlmal energy per operatlon

log Energy

0.01

0.001 }

imec

V.
P
A *
: ’ s,
P 4
LA .
v,
.V. . L
3 Voogpeg
1 1 1 1 1 1 1
02 03 04 05 06 07 08 09
Supply Voltage Vpp
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Etot
Edyn
Eleak

©
A

\v4

10x better
energy
efficiency

E. _Edyn E
dyn—sf C- Vpp?

=P

stat

E

stat stat cyc



ENABLING AWIDE OPERATING RANGE

Performance %

VDD scaling
o=

Duty Cycling
|

Homogeneous
Accelerator-rich

Fixed voltage /

I frequency

NTC

Pleak POWG r
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ENABLING AWIDE OPERATING RANGE

Heterogeneous
Accelerator-rich
Fixed voltage /
frequency
NTC
VDD scaling
o=
Duty Cycling
|
>
P Power

Performance & runtime boost @ scaled power!
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THE BENEFITS AND CHALLENGES OF
NEAR-THRESHOLD COMPUTING FOR
WEARABLE DEVICES

= A CASE STUDY
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CASE STUDY:ECG PATCH

o

annotated QRS

ECG (mV) with
g

Jogging Resting

—_—
P
— AN
¥
§

imec
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Power

\\

50uWV -

COMBATING LEAKAGE CURRENT

\\

imec

<<|% <<|%
Power
[ 1.5mW — [ 1.5mW
22.5 yW Low load processing Power gating
OpW T
\ 22.5 yW Low load processing
48.5 yW Leakage q
2.2x reduction | o w  Leakage
v v
Time Time

|.6x more energy efficient ECG

Tobhias Gemmeke - NiPS Summer School 2014
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COMBATING

LEAKAGE AND DYNAMIC

t <<1% CURRENT
Power
- I .5mW
22.5 yW Low load processing
50uW +
4.5x efficient processing
48.5 pW Leakage .
3.7x leakage reduction
\Z
Time 4x more energy efficient ECG
Power
50uW + <1%
48.5uyW
5uW  Low load processing
13 pW Leakage A
Time
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LIMITED BENEFIT OF POWER GATING
AT LOWVOLTAGE

Power
S50uW +

5 uW
13 uW

@ Power
<1% 50uW +

Low load processing

Leakage

5x more energy efficient ECG

Power gating
48.5uW

- | 5uW
Vv | .4x reduction 9 uW

n

imec

<I%

Low load processing
Leakage

48.5pW

Vv

n

Time
Tobhias Gemmeke - NiPS Summer School 2014
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IDEAL SOLUTION ZERO LEAKAGE RETENTION

| 4x more energy efficient ECG

Power @
1 <1%
S0uW Normally OFF 4
Computing <I%
48.5uW
. 35.5uW
5uW  Low load processing |
13 pW Leakage ! Zero Leakage — | suw  Low load processing. V
Time Time
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IDEAL SOLUTION ZERO LEAKAGE RETENTION

«  M/NEMs power switch
« NVM

[Raychowdhury, CICC 06]

| 4x more energy efficient ECG

Power @
1 <%
>0uW A Normally OFFN\, 4
Computing <I%
A
48.5uW
. 35.5uW
5uW  Low load processing |
D0 Leakage v Zero Leakage — 1 5uW  Low load processing V
Time Time
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IDEAL SLEEP AND WAKE UP IMPACT
ONTHE WBSN (here: ECG PATCH)

Streaming Efficient Normally-off
processing computing
Power 385 uw 173 pw 80 pw
consumption
Battery life time 24h 2 days 5 days

A

RF

GsM3m Powering by harvesters possible!

105 pw

il Thinfilm battery
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THE BENEFITS AND CHALLENGES OF
NEAR-THRESHOLD COMPUTING FOR
WEARABLE DEVICES

= TECHNOLOGY SELECTION
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WHAT IMPACTS THE POINT OF E,

log Energy

Vdd.rnin -
- Variability

A Total Energy per Operation

Dynamic Energy per Operation
Leakage Energy per Operation

Speed-up - Higher lon at same loff
Less |, at same |,,
L

- Mismatch

. &

- Circuit Style

imec

|y
_—

Supply Voltage
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THE BENEFITS AND CHALLENGES OF
NEAR-THRESHOLD COMPUTING FOR
WEARABLE DEVICES

= VARIABILITY
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NEAR-THRESHOLD COMPUTING
THE CHALLENGES

Variability Locating NTC

100‘--'---..' '

lmax / lmin [ .’.

10

-04 -03 -0.2 -01 0 01 02 03 04
Overdrive Vpp — Vi

- Digital: Uncertainty in timing Yield?
- Memory: Vppnin: DRV
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VARIABILITY SPOILS THE BENEFITS?

100
lmax/lmin ‘ [

10 E

.........
Ny
.
-
-

Inherent Spread ======«
.‘o.Compensation:

~« +,Designtime = = =
~ *

* .
Y ',pynamlc

‘e
*
»
ol
ol ]
L.
~

imec

-04 -03 -02 -04 O 01 02 03 04
Overdrive Vpp — Vi,
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NEAR-THRESHOLD COMPUTING
THE CHALLENGES

Variability

|4~Variation in %

40 L Nominal O ]

2or —~ __Pass
PMOS ot}

-20 »

wl | Z— Falil

NMOS

—> Increased variability kills yield.
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NEAR-THRESHOLD COMPUTING
THE CHALLENGES

Variability Locating NTC

1oot.-l.-...l 1 1 1 1 1

Inherent Spread =====s
lmax / lmin

* Better subthreshold slope - =

e.g. Tunnel-FET 4 Subthreshold Slope
60mV / dec

/

~
Tl

Ve
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NOISE MARGIN MODEL

Nomina| —

strong N == == =

o o
» oo

o
~

Output Voltage

NMy =Voy - Viy

o
N}

o

. .
0 02 04 06 038 1
Input Voltage

NM; =co - Vpp + ¢c1 + c2// N;
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VCC,;MIN

0.3

0.25

0.2

0.15

01

Qutput Voltage in V

0.05

imec

Addressing the Noise Margin

* Bigger is better.
e Limit stack-height.

0 005 01 015 02 0.25 0.3
Input Voltage in V

Qutput Voltage in V

0.3

0.25

0.2

0.15

0.1

0.05

0 005 01 015 02 0.25 0.3
Input VYoltage in V
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SCALING OF THE NOISE MARING

NM; = co - Vpbp + ¢1 + ¢c2/+/ N;

Finger count N,

©
—
||

INV 1x
INV 4x § .
INV 24x

* CO*VDD + Cq + Czlsqrt(24) _— .
Co”  Vpp +Cq +Cy/Sqrt(4)
CO * VD|D + C1 + C% ------

Noise margin NM /VDD,nom

0.1 0.2 0.3 0.4 0.5
Supply Voltage Vpp / Vpp nom
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NOISE MARGIN DISTRIBUTION OF DIFFERENT

CELLTYPES AND DRIVES

- -— || _”_ —I
ST -
) BT
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s o | T
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X2
X1
ANI
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-=> Non trivial cell design.
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NM ASSESSMENT T,

0.08 P Per cell UGM T—1
Noise Margin Random variation loss A 27

0.06

0.04 /

0.02

s
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NM ASSESSMENT T,

008 T Per cell UGM ——
Noise Margin Random variation loss A E22223
0.06
004 01 | | | |
S
2 0.08
0.02 Q
= 0.06
=
° 1 < 0.04
= c =
- N E g =
> > - T T 0.02
z z =
3
g 0[5 11 1
» De-skewing - £ 3
SETT > > - T
> Less variability zZ z >
£z 3

e.g. finFET, fd-SOI
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NM ASSESSMENT:TIME DEPENDENT

» Aging has significant impact on devices behavior.

8y BF T T T T T T T T T T T 7T
6r 6r Nt =12 traps
S 4 < 4
E I E 7
T 2r - 2t
> > 3
A | <] TR Sr—
o 1% Trace '01055#’ T —
g 9 . i |
S 4 analysis S [ ]
» o »
L 1 ]1 llllllllllll
100 10° 10° 10° 10° 10" 100 10° 10° 10° 10° 10"

Stress Time (s) Stress Time (s)

» Trace dependent behavior.
— Complex reliability analysis.

imec Tobias Gemmeke - NiPS Summer School 2014
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THE BENEFITS AND CHALLENGES OF
NEAR-THRESHOLD COMPUTING FOR
WEARABLE DEVICES

= MEMORIES
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NTC AND MEMORIES

Silicon measurement & modeling:

Vopmin: RW Errors vs. supply voltage

0.8 25
VDD l l ) A + data
075 \ —model
15

0.7

0.5 \(
< .
0.6 o

0.40 0.50 0.60 0.70 0.80 0.90

Die: I 2 3 4 5 6 7 8 9 Supply Voltage inV

M no err | err m2err B> 2 err

logp

imec Tobias Gemmeke - NiPS Summer School 2014 45



NTC AND MEMORIES
Solutions
» ECC
» Cell based memories (cf. figure)

» Architecture (cf. next slides)
» Algorithm

SCMEM minimum operating voltage 6T memory minimu operatmg voltage
0.6 0.80
078
05 0.76
04 074
0.72 A
vdd [v] 0.3 - vdd [v] 0.70 -
0.68 -
0.2 066 -
o1 0.64 -
062 -
[V 0.60 -
1 2 3 4 5 -] 7 8 9
test chip # test chlp #

imec Tobias Gemmeke - NiPS Summer School 2014 46



NTC AND MEMORIES

Silicon measurement & modeling:

1E-1
Date Retention Voltage
1E-2
(D RV) + SCMEM
: _1E3 x COTS
112 e el
96 1E-4 —mode
80 \%4- —model
64 1E-5 5
48
32 1E-6
16 0.22 0.26 0.3 0.34
0 Supply Voltage inV

0O 16 32 48 64 80 96 112
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EXAMPLE: ULTRA-LOW POWER SRP

SoC

> Samsung Reconfigurable Processor (SRP)
> 9 cores

» CMOS 40nm LP

N > Wide-range IMHz ... 150 MHz

[Konijnenburg, ISSC 2013]

Energy

Scaling with V2

Libray re-design
Custom cells|—
Memory

Memory Logic

0.4 0.6 0.8 | N
Voltage
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SOLVING THE MEMORY BOTTLENECK

1.1V = Pygoe 0.?77?V

s -
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SOLVING THE MEMORY BOTTLENECK

1.1V 2 Pyyoo 0.75V @ploo% 0.55V > Y4 Pyyae

........
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CELL BASED MEMORIES FOR NTC

Low-Voltage Operation
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SOLVING THE MEMORY BOTTLENECK

1.1V =2 Pigoy 0.75V > Y2 Py 0.55V @ 100%

oy

=

* Memories limit supply voltage scaling atVyp i,

* Vppmin << specified limit
- Operation @ actual Vpp min 2 Payn & Pt ¥

= Pro-actively set Vi ,;, + mitigate errors
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CONCLUSION

The benefits and challenges of
Near-Threshold Computing (NTC) for
wearable devices

> Run-time from hours to weeks ... to fully autonomous

> Specific challenges have to be addressed
- Performance
- Leakage
- Variability
- Supply generation

> Solutions cross design hierarchies from
- Technology selection
- Digital design (flow, cells, monitoring)
- Architecture
- Algorithm level
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