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Why Analog!

» Signals in nature are in “Analog” form
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Why Analog!
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Natural signals
often tend to have
low/very low BW
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We Invented it!

 We are living in a “Digital” era where
everything and anything can be digitized!
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Digital Communication

« Early generations
— Analog modulations

 Modern generations
— Digital modulation

* Everything is Digital
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Transmission

e Federal Communication Commission
(FCC)

— Assign bandwidth 1GHz
500 channels = 2 MHz/channel

1 --

" 3 2 Mbit/s
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Transmission

e Federal Communication Commission
(FCC)

— Assign bandwidth 1GHz
500 channels = 2 MHz/channel

1 --

" 3 2 Mbit/s

1 ---
0.8 _/J_\ m /_ - 3 Mbit/s

— Modern schemes transmit many more levels
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Transmission

* 8-level transmission
— ldeally an 8-level ADC is sufficient to recover data

A Volts A Volts

AL-..

» D(t) /

Distortion, channel non-
idealities & ...

» D(t)
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Transmission

* 8-level transmission
— ldeally an 8-level ADC is sufficient to recover data

A Volts A Volts

AL-.

» D(t) /

Distortion, channel non-
idealities & ...

— The signal tends to look more analog than digital!

» D(t)

AMS
UF .AB Universitv of Florida



Transmission

* 8-level transmission
— ldeally an 8-level ADC is sufficient to recover data

RF
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— The signal tends to look more analog than digital!

— For both transmission and receiver we need
Analog!
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Background

* Different applications. demand diff.
specs
— High bandwidth for data
— High quality for audio
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Digital Links

* In ALL digital systems such as PC

— All communication between ICs are digital
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Digital Links

* In ALL digital systems such as PC

— All communication between ICs are digital
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Digital Links

* In ALL digital systems such as PC

— All communication between ICs are digital
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Digital Links

* In ALL digital systems such as PC

— All communication between ICs are digital
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Where Else?

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

PC| >
EXPRESS

D DisplayPort
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Where Else?

HOIMI ¢) rhunoersolt

HIGH DEFINITION MULTIMEDIA INTERFACE

PC| >
EXPRESS

» Solutions: D DisplayPort

— Use Adaptive filtering (FIR) = Analog

— Inverse Channel Filter (IIR/FIR) = Analog

— High-Speed ADC (3-5 bits, >10GS/s) =
Analog/Mixed-signal

UFAM )
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* Different applications. demand diff.
specs
— High bandwidth for data
— High quality for audio
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CPU/GPU and Power Management

 Each block has AT LEAST a single

power management unit
— As many as 10s of PM for a single block

AMS
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Summary

 Analog & Mixed-Signal

S
Links

PClI >
EXPRESS
HOIM ¢} runoersour

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

And much more....
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Analog & Mixed-Signal Solutions

 Most widely used analog & mixed signal

circuits are

— Analog to Digital Converters (ADCs)
— Digital to Analog Converters (DACs)

 Broad range of speed and resolution

 Every SoC include many

— Recelver chain

— Clocking/PLL/DLLs

— Power Management

— Sensing & Sensor Interface

UF Universityv of Florida 13



Analog to Digital Conversion |

 Human ear can detect 16-22kHz
* Nyquist = Sampling at 48kHz

+Vref

-Vref
« How good is the quantized sinewave?
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Analog to Digital Conversion |

 Human ear can detect 16-22kHz
* Nyquist = Sampling at 48kHz

——————————

———————————

-Vref
« How good is the quantized sinewave?

AMS
UF .AB Universitv of Florida 14



ULt

Analog to Digital Conversion Il
* Qutput spectrum (0-24kHz)

SNR=10log(P
« How many levels needed for 100dB?

Signallpnoise)ZZOdB

AMS
AB Universitv of Florida
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Analog to Digital Conversion Il
* Qutput spectrum (0-24kHz)

SNR=1010g (Pg;gna/Pnoise)=20dB
« How many levels needed for 100dB?

> 65000
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Oversampling

« Sampling the signal faster (96kHz)

0

PSD(dB)

-90 r r r r | r f [
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SNRleIog(Psignal/Pnoise):23dxl?1>0
« How much faster to get 100dB?
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Oversampling

« Sampling the signal faster (96kHz)

0

PSD(dB)

-90 r r r r | r f [
0 0.5 1 15 2 2.5 3 3.5 4

Frequency(Hz)

SNR=1010g(Pgignal/Proise)=230B
« How much faster to get 100dB?
> 4.4 THz!
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Flash ADC

* Fastest among all
— Output is thermometer
— 2N comparators are needed for N bit resolution
— 6-bit flash ADC requires 64 comparators
<7.5mV = not easy!

offset
+V,e
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B2H—1 """ Real : |E
o :
° :
fs :‘ ]
R Vos2 I_ :
/) I ——
R \ . B, E
/S T
\\ B, :
R L P N > V|n

AMS -V
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Multi-Step Concept

— Take the “Residue” of the first stage and
amplify/feed it to the second stage

Step 1 Step 2
+Vref
0
Vj+1
° V
2 —
0.-°7 _,ome=eedeccccccccccccccccccnn..
Vin""-"—ﬂl\;easurethe T
_¢ difference Amplify E—
1 —
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\Y
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Vin(nT) »@—»@ > Vo(nT)
-| Doutt
ADC
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Multi-Step Concept
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Multi-Step ADC

* Using this approach
— N bit ADC can be broken down to M+P=N bits

— For instance, an 8-bit flash ADC (256 comp.)
« Can be implemented using 4+4 bits
— Total of 32 comparator only!

* The offset/noise problem is resolved

 For more than two decades, this was
the preferred approach

UF Universityv of Florida 19



ULt

 Amplifier

* For N bit ADC, the opamp should have
minimum DC gain of 2Ntotal
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 Amplifier

* For N bit ADC, the opamp should have
minimum DC gain of 2Ntotal

* For sampling frequency of f, the BW of
opamp should be
A, > 2N fo In(2) x f,

Large Gain Large BW

>(N+1)

AMS
UF .AB Universitv of Florida
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Technology Scaling

 Moore’s Law & CMOS process scaling
— Double transistor count each 18 months

- 2,
Mastering Moore’s Law — it ol
s out transistor size.
Intel’s progress in packing more 1.3 billion_ 10 billion
T —— : Intel Core 2 Duo 5
ra.\nSIs ors on malnstream 410 million 1 billion 30 -
microprocessor chips - 2]
) o | Pentium 4 Core i5 100 million e
GUANKhINC S 125 million 1.0 billion 10 million £ 0
£ o4
Pentium 1 million £ 25 4
3.1 million oy
100,000 2 204
- 18 B
- _—— 10,000 g ol
Core 2 puo =3 AE0 Ly
4004 100 12 T T T T T T T v N
2300 transistors 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
10 Year of production
[TTETroT T T T L o e LI B e [T : [ International Technology Roadmap for Semiconductors, 2011]
1971 80 90 2000 10
“Upgraded versions of prior models
Source: Intel THE WALL STREET JOURNAL.
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Technology Scaling

 Moore’s Law & CMOS process scaling
— Double transistor count each 18 months

— In terms of Analog performance & scaling

Vdif( V) gmArout
5} >100 |

0O
o0 W
T c,&\\(\ i V

1} 10

> L in(NM) > L min(Nm)

10 22 45 90 180 350 700 1000 10 22 45 90 180 350 700 1000

AMS
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Technology Scaling

 Moore’s Law & CMOS process scaling

— Transistors are becoming smaller & faster
— Lower power, smaller area
— Allows better integration

* In context of analog
— Faster speed, but ...

Older process
Vi n out

Vout
Vin

dB

Scaled process

Vinwom f
—— A(s)

AMS
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Analog Scaling

* Digital scales directly in terms of
— Speed
— Area
— Power

* Analog
— Matching
— Switching speed
— Dynamic range
— Noise
— Area

AMS
\B Universitv of Florida
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Analog Scaling
* Digital scales dlrectly In terms of
— Speed l—:h
— Area 0
— Power {: ‘ {E

[m

* Analog
— Matching
— Switching speed
— Dynamic range
— Noise
— Area
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AB Universityv of Florida

23



UK

Analog Scaling
* Digital scales dlrectly In terms of
— Speed l—:h
— Area 0
— Power {: ‘ {E

[m

* Analog
— Matching
— Switching speed
— Dynamic range
— Noise
— Area

AMS
AB Universityv of Florida

23



UK

Analog Scaling

* Digital scales dlrectly In terms of
— Speed
— Area
— Power

* Analog
— Matching
— Switching speed
— Dynamic range
— Noise
— Area

AMS =
AB Universityv of Florida

23



UK

Analog Scaling

* Digital scales dlrectly In terms of
— Speed
— Area
— Power

* Analog
— Matching
— Switching speed
— Dynamic range
— Noise
— Area

AMS =
AB Universityv of Florida

23



Analog Scaling

Innovative Solutions are needed
To allow Analog scale well in
advanced CMOS nodes

Universityv of Florida
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Analog Scaling

Innovative Solutions are needed
To allow Analog scale well in
advanced CMOS nodes

even with that ...

Universityv of Florida
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ADC types vs. Tech. node
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ADC Types

— Several types ADC covering the spectrum

A
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i 18
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Alternative Approach: Oversampling

* Improving SNR for a band-limited signal
— Increasing # of quantization levels = smaller V| ¢

- 2
q2 — VLSB
=12
— Increase the sampling frequency
PSD PSD
A A
_____ Vise 1
12 f Vi, 1
12 Nf,
> f >
_L fs f, N,
2 2 B} 5

AMS
UF .AB Universitv of Florida 28



ULt

Oversampling

* Doubling the oversampling ratio (OSR)

— Halves the quantization power
— Increases SNR by 3dB

OSR = £
21

* 4-pbit flash ADC @ 100 MHz
— OSR=1 (Nyquist) SNR=25.7dB
— OSR=4 SNR=31.7dB

AMS
\B Universitv of Florida
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Noise-Shaping & Oversampling

* Using both oversampling and noise-
shaping

PSD PSD
A A
LSB? BW
12 f /
» f f
I N - f,
2 2

AMS
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Noise-Shaping & Oversampling

* Using both oversampling and noise-
shaping

e Y f(2)

» f f

AMS
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Noise-Shaping & Oversampling

* Using both oversampling and noise-
shaping

e Y f(2)

» f p f

AMS
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Frequency Domain Analysis

Y(n)=qE(n)_qE(n_1)
By taking the Z-transform

= Y(2) = (1- 21)4(2)

— The NTF above is

The quantization noise is shaped by the NTF filtering, and much of it
Is pushed to the Nyquist

AMS
UF _AB Universitv of Florida 31



Implementation

 We are aiming to implement
Y(2) = (1-27)0e(2)

— For a Nyquist quantizer

qu Linear qu
| model

X— Q,—»Y |:> X »(ﬁ) >Y

— For first-order noise shaping Jey
v
) X QY
Y(@)=X@)+ (1~ (2) el
-1

AMS
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Output Spectrum

— OSR=32, Q-levels=3

20 n SNDR= 51.961dB
40
o)
S 60
P
Y
-100
-120
10" 10° 10° 10” 10°
Normalized sampling frequency
L L L L L L
05+ D - F -
5
S o
=)
@)
"
»
05 L] E L L i
[ [ [ [ [ [
AMS 131 1.315 1.32 1.325 1.33 1.335
Al _ ~ Sample x 10"
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* |ldeal integrator c

X—

T—Z_

Q,

Opamp Gain

* Limited opamp DC gain (A)

H(Z)Iimited =

4
1-(1-1/ A)z™

 NTF would be

NTF~1-(1-1/A)z™
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Opamp Gain

* |ldeal integrator c

Sl v > S
X_:T— 1_21(\ QlTjo‘_"j A‘{‘('P:lr}vout

* Limited opamp DC gain (A)

Z—l

1-(1-1/ A)z™

H(Z)Iimited =

 NTF would be

NTF~1-(1-1/A)z™" —> Zero moved by 1/A

AMS
UF .AB Universitv of Florida
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Opamp Gain

* Depending on OSR
— High OSR-> Opamp gain dominates
— Low OSR -2 Quantization noise dominates

AMS
AB

Magnitude (dB)

20

— Ideal opamp
===46dB Gain g
el
P
-
—ﬂ”/
N N B SN S S I---.---
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10° 10° 10° 10" 10°
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Opamp Gain

* Depending on OSR

— High OSR-> Opamp gain dominates
— Low OSR -2 Quantization noise dominates
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Theoretical gain-error effect

— 2" Order DSM

20
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Gain-error effect in 1st and 2nd order modulators (a=0.99)
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= second-order /—
-
>~
/ -~ /”
~ al
107 107 10
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— Further improvement using higher order DSM

Universityv of Florida
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Continuous-Time A

 CT integrator Vs. DT

— No sampling switch v
— No sampling cap v
— Better Settling and Slewing v*

— RC Variation X

UF .AB Universitv of Florida
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A2 Modulators

* Trade-off (Figure of Merit)

Power
— High SONR
— High bandwidth

— Low Power BW SNDR
A

 Back-end quantizer
— Typically Flash
— Memoryless
— Large power consumption Quantizer

X Hi(2)

AMS
UF .AB Universitv of Florida



Traditional Dual-Slope

 Simple ADC using time as media

— Signal is sampled in one phase, Discharged in the
other phase

— Discharging time quantized by fast clock reset

C Vos4 ¢, { O [i 0,
0, R i ;
Xo—)’ Vis ; : t
- - : y ) )
Vre?‘ipl— = L 7 hegunt ]
& Timing = H + +§
Control & 0 1 2 3‘ }t
Counter €— Pcount . ) \

D =3 Stopcount

D, () = X(N)+q.(n)

AMS
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Noise-Shaped Integr. Quant.

« Small modification

— Input is sampled in the same fashion
— Discharging until the next edge after zero crossing

P, D,

/\ .

& Modified H + +§
Timinlg T2 3‘\ » {
Control & < '
Counter Peoun D =3 Stopcount

AMS
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Noise-Shaped Integr. Quant.

« Small modification

— Input is sampled in the same fashion
— Discharging until the next edge after zero crossing

P, D,

(PCOUHt
——

HEEREN

& Modified H +
Timing
01 2 ,
Control & P — \ ) \
Counter Peoun D =3 Stopcount

Dout(n) = X(n) - qe(n'l) + Qe(n)

| Doul@) =X@ + (L -29)q,(2) |
UF‘\;\\IB Universitv of Florida 41




Noise-Shaped Integr. Quant.

« Small modification

— Input is sampled in the same fashion
— Discharging until the next edge after zero crossing

>
-

)
|
|
|
|
|
|
i
l

& Modified
Timing )t
Control & P — \ )
Counter Peoun . D, =3 Stop count

D,«(N) = X(n) = g.(n-1) + g.(n) Scales with CMOS

| Doul@) =X@ + (L -29)q,(2) |
UF\\\IB Universitv of Florida 41




Double Noise-Shaped Quantizer

 Double Noise-Shaped Quantizer
— Working in Time/Phase domains

Vs Ps ' ¢o

A Charging_~ Discharging :

erl(n'l) ; i . -ge1(N)
NSIQ

. N
Phases i f% ﬂ > EVREF |¢discha. -
: it :

K3k beam—]| | oo

I ‘Pdié:cha. IE > Qe time D1
— P T ¢
Je IN time i E e tme i . ; GB.Q i

. | &R O ]t ] ]E | a2

i 1 IGRO piwable 5 2R 2 T 3
GRO  :[[[} HHH + NSQ2 XORs (1-z°) -.—sz
Phases AR :t> + GRO based Quantizer

AMS
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CT DSM Architecture
« DNSQ and digital integrator at back-end

— Fabricated in 130nm node
— 6-bit Double Noise Shaped Quantizer

DLL/Clock Gen. |e— ¢1

0 it 13 6
: 3 : |
:A | N (] 3
: GRC -!—>—€—>z1
|

DNSQ

Z'1/2<_

1z Tle——o

Universityv of Florida 43



Performance Comparison

fe= 640 MHz BW = 15 MHz

Measured fabricated prototype
— Bested every performance down to 28nm node

ol

201

40

60}

PSD (dB)

-80

-1001

-1201

SNDR = 80.44 dB
SNR = 81.71dB

1

| SFDR = 87.83 dBc |
| |

L L' 1LLAB

10°

10

Frequency (Hz)

N<>IQ+D|g|taI Int. LS DNSQ ¢ ISSccC
170 | &w._ o vLsi ||
—_— nn ,
C 160ﬁ o 0 ® % §3€g 3 ’&W’/)e
— B %o 5 ~$rr
= n 0 = ~
2 150 | g :2»'5," ° 0
o o o
2 o o
2140 ¢ 8 \4
3] ¢ Lo S
@ FOMgo=DR(dB) + 10log ——
130 - o EI:I o Sch o Power
© o
120 L————nu O
10° 10° 107 108 10°
VLS| 2015 Bandwidth ( Hz )
- JSSC 2016
- ISSCC 2017
- Invited JSSC 2017 (to appear)
Sponsored by Qualcomm Inc.

Universityv of Florida
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Future work

« How far we can make scale ADCs
efficiently in nanometer CMOS nodes?

« BW limitations?
 Are we ready for portable 5G?

Currently investigating these funded by
Sponsored by Semiconductor Research Corp (SRC)
And Qualcomm Inc.

®

Q LIALCOM® E Semiconductor
Research Corporation

AMS
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Where Were We

« ADC pioneers
— 11-bit 50ks/S SAR ADC

~ Courtesy,

¢ 19" x 15" x 26' . Analogic Corporation
8 Centennial Drive
@ 150 Ibs . Peabody, MA 01960
¢ $8,500.00 : http://www.analogic.com
,900.

P
_ J
FOM = 5. B\W . 2EN0B /ConV.Step

— FoM= 2.88uJ/ Conv. Step

UFAM >
AB Universityv of Florida
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ULt

Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

AMS
AB Universitv of Florida
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Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

— Improvement of 1.44 Billion times!
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Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

— Improvement of 1.44 Billion times!
— Not to mention the size reduction (0.1mm?)
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Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

— Improvement of 1.44 Billion times!
— Not to mention the size reduction (0.1mm?)

 |If vehicles followed the same

AMS
\B Universitv of Florida
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Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

— Improvement of 1.44 Billion times!
— Not to mention the size reduction (0.1mm?)

 If vehicles followed the same
— In 1960s, the average MPG was about 8
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Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

— Improvement of 1.44 Billion times!
— Not to mention the size reduction (0.1mm?)

 If vehicles followed the same
— In 1960s, the average MPG was about 8

* Improvement with factor of 1.44Billion
means
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Where We Are

« Latest ADCs Iin same performance
range with 2fJ/Conv. Step

— Improvement of 1.44 Billion times!
— Not to mention the size reduction (0.1mm?)

 If vehicles followed the same
— In 1960s, the average MPG was about 8

* Improvement with factor of 1.44Billion
means

— With one drop of fuel (0.1cc) you can drive
round the earth 12 times!

UF\\\IB 47
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Power Management

 Generate various DC voltages

1.4V
DC/DC Conv. 1.2V
3.7V
Li-lon Battery 2V
DC/DC Conv. LDO 1.8V

 Low-Dropout Regulators (LDO)

— Clean voltage ripple '
— Fast transient response Loop Fiter 4” ansitor

— Min. power 5
— Need fast opamp Q =

o Suffers from the same fate as ADCs

UF Universityv of Florida



Fully Synthesizable Time-Based LDO

— All logic based (except pass transistor)

Vbp
Polarity PWI Ch I -P
VRer o —e—| PWAM —3+ arge
Kﬁme based [T, irs LOGIC _"_ Pump Array "_'_I. l:
—Veg ADC  [gr—> pal| CPi[0:31] |i
ff"‘ffT CLK°—¢ pwi - i ==Ckr
arge
—> PWAM [—& [
DLL & I |Pump Array fr—=e —> Vour
CLKo—> Timing —p LOGIC = [0:31] ||
PA | l
J—C e o e o - —.I Rl
; VCDL
- (l) lout
No off-chip
Capacitor 2

AMS
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Fully Synthesizable Time-Based LDO

— All logic based (except pass transistor)

R T

- ~CLp
Polarity I
Vrer Time-based |- $——> PwaAmM |—4| Charge

10-bits I'{Pump Array

VDD

-

)

]

i
I
I
— Vs PAl| CP1[0:31] i
: I T Crre
Wi charge !
CLK PumpArray: ® —> Vour
CP,[0:31] |!
_________ A R:
(l lout
- No off-chip
:<bR Pre-amp Latch Capacitor 2
E! A
|

s

[me—————————

<
T e
m

Reset

= o S e
T
™

AMS
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Fully Synthesizable Time-Based LDO

— All logic based (except pass transistor)

VDD
Polarity PWI Ch I -P
VRer o —e—| PWAM —3+ arge
z:ﬂme el Jobis| [ogic | PumP Array '_||:
—Veg ADC  |glmip PAY| CP110:31] :
H---HT Clke i | Crr
PWIl charge |1
—> PWAM [—& [
DLL & I |Pump Array fr—=e —> Vour
CHKe Timing | L——{ LOGIC | cp,[0:31] |!
1 g m A R1
ICVCDL 7'
= / (l) lout
NAND High & Low Tri-state NOR No off—c_:hip )
:—---_-:--ljlq--------------------_-4'_;'---_-_----} Capacitor
11 1 1 i
i—||:|1:i—| I—'ii it = T
1
| | a ol F= N |
UP o4 — | : t+-~DN
Hhe | b= — | |
I Il Cep K :
L | i— I — :_|—| i
Y R B I

AMS
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Fully Synthesizable Time-Based LDO

— All logic based (except pass transistor)

VDD
Polarity PWI Ch I -P
VRer :<: Time-based [~ PWAM 0 e _|_._|'
- 10-bits I'lPump Array I:
— Veg ADC g—ip| LOGIC _*PA: CP, [0:31] :
H---HT i B G
WAM Wil charge :
DLL & I|Pump Arra ® —> Vour
CLKo—| 2-F | UMP ATTaY T
Timing —p| LOGIC pal| CP2[0:31] :
J‘C L i R1
_‘=E VCDL
2 (l) lout
Verilog Synthesis No offehip =g,
Code Capacitor
software 1
\ =
giooilli
ooo g |
gligig , :
— o= SN
\\\\\\\\ Physical
UFMS Circuit
LAB Universityv of Florida 51



Measurement Results

e Measured Results
— 013um process EPasiite é pillital loic ]

: devices i

— Small Area (350X250um)
Steady State
power consumption < 100uA

15mA

k-]
©
o
__I
0.1uA ] ] | | 0.1uA
1.2}
V. =1.2V
1 I\- in
’ ', T
’
- V. =1V
0.8F V| = /s ing n

== Fclk=20MHz

= Fclk=20MHz

0.6 = Fclk=40MHz T 0.6 == Fclk=40MHz
02 0 02 04 06 08 1 1.2 02 0 02 04 06 08 1 1.2
Time(us) Time(us)

To be presented at European Solid-State Circuits (ESSCIRC)

UFs Sponsored by Analog Devices Inc (ADI)
LAB Universityv of Florida



AF IMPRESS

* Implantable Multimodal Peripheral

REcording and Stimulation System
— To enable bidirectional control of prosthetic limb

DARPA LUKE arm

UF\\\IB Universityv of Florida l.|1] e c53



DARPA, Motivation

“umec

 |n collaboration with imec

* Motivation: restore
— motor functionality
— sensory feedback

— temperature, pressure sensation for better
control,...

— alleviate phantom limb pain

AMS .
UFI% Universitv of Florida
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Research Goal “mec

« Communication between brain of

amputee and bionic arm/hand
- Bi-directional neural interface

thought-driven
control

actuators
robotic hand

Sensors

haptic
feedback

AMS
UF .AB Universitv of Florida



@ Proposed Solution “nmec

hd-TIME: I[)n:ai\)lliigtx Intra-fascicular probe
high-density | B I N v
Transverse 2 Voot
Intrafascicular "
MicroElectrode ‘“:”

Active probe: CMOS device + integrat
implanted inside the nerve
= bidirectional interface « recording and stimulation
= high electrode count with few external connections « multiplexing
= higher fiber selectivity < transversal intra-fascicular implantation
= higher signal « local amplification
= low power consumption « power-efficient circuit design
= minimum invasiveness « chip thinning

UFfb\Il;. long-term biocompatibility & stability « custom chip encapsulation

Universityv of Florida



Packaging ‘umec

IrO, electrodes deposition
Laser cutting of embedding
Back-to-back gluing

probe thickness: 2x75 pm
(2x hd-TIME)

UFAM‘
AB Universityv of Florida



ENG Acquisition Chain

“umec

x1

64 Ref. Electrode

'Rec.

VDDH

VSSH

Electrode

[
—

X16

mal

'IChanneI

F. -

Pixel
Amp.

egg 16

=
©

Switch
Matrix

pali
|

i

LPF

X1

x1

16

16

64 active electrodes

= AC-coupled in-pixel amplifier: 24 dB, ~1 Hz HPF corner

Switch-matrix
= select best recording electrodes without need of repositioning the

probe
16 channels for simultaneous readout
= Programmable Gain: 4—44 dB

UF\\\IB

Universityv of Florida



ENG Acquisition Chain ~1mec

= Muxed at 31.25kHz/ch. hd-TIME<—| |—>backend IC
m Output driver Flex .Cable Flex || ADC Driver SAR ADC
Driver Cable
= ADC driver with ol
programmable gain

- 12-bit 500KS/s SARADC 2 Eﬁ = I
= synchronization MUX/ADC W 500kHz

through SPI command M

UF\A\I‘ _ 18 _
LAB Universityv of Florida



ENG Acquisition Chain

“umec

= Muxed at 31.25kHz/ch.

hd-TIME backend IC
|

m Output driver Flex Cable|{ Flex {| ADC Driver || SARADC
. . Driver |iCable
= ADC driver with ol
programmable gain 16 T Ja—
. o - 1/2
= 12-bit 500kS/s SARADC 2 e SIKC P
= synchronization MUX/ADC W 500kHz
through SPI command M
: bondpads Pt interconnects
hermetic stack: \\ V4
polyimide + v Y o W W s = é—\< Au tracks (Z\’»SOnm)
ALD layers |
glass carrier, removed after probe fabrication J (

Universi of Florida

20 um

e e

}Polyimide
EVE



WD Measurement Results

] 1iesthput 7 N Test PCB
%64 er: : 1 9 fecorded
: | dat
Sl 1 | o ENG channel Digital Ctrl
6f1 0116 3 1’6 L ENG+ ' n > .| MCU_SCLK
7 71— T
U J 1 SToE Tiee ) @l
Pixel Amp. || |/ : 1 a1 Hmcu_miso MCU
| : Interface || IRQ_N
hd-TIME IC | , Flex , Yo | Backend IC
! ]

100 126 140
—Input |
—Acquired

72
Time [ms]

3 Acqu151t1on of pre-recorded spikes through whole system

AMS
UF LAB Universitv of Florida



Physical Unclonable Function

* Used In
— Cryptography
— Chip identification
— Obfuscation

LAB Universityv of Florida
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Physical Unclonable Function

* Used In
— Cryptography
— Chip identification
— Obfuscation

Unique Reliable

% PUF H
L O

Low-cost Robust

(—

LAB Universityv of Florida
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Our Approach

* Create PUF for use in Analog/Mixed-
Signal (AMS) applications

— Leverages process variations

« Stochastic ADC based PUF:

— Easy identification in AMS chips

— Can also be utilized in fully digital chips using
standard cells

— Simple design
— Minimal hardware overhead with reuse of
components readily available in most AMS chips

UF Universityv of Florida 62



PUF Bit Generation

* Inherent random input offset voltage (V)
of each comparator is normally distributed

« Employ V_, to generate a single bit (OUT)

— Positive V  — OUT =1

Vref fs
g —I—‘ ouT
Vos < >
0 VvV
ouT=0 «« OUT=1
< ' >

AMS
UF .AB Universitv of Florida
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Proposed All-Digital Comparator

 Compared with Custom Design

Traditional Custom Proposed All-Digital
Designed Comparator Extended Offset Comparator
(2-Tail) (3- TaiI)
lfi F]I— -Ilfl o .
i w-%f
Vin E|_o¢) in+E Vi,
|j¢ [ D ke fouj:
I_' ’_l E (1)0—0 Out;-l-
Vr9f+¢ o oo ref Vrefo_—>
Fooll M N el Vo,
Mgy g + Vgdo—
l

cEl W3y 1
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Measurement Results

Fabricated prototype*

— Fabricated in 0.13um CMOS process

— Active area 0.144mm?2

e Normalized Intra-HD
— Across VDD (0.8V - 1.4V)
 2-Tail: <0.89%
e« 3-Latch: <0.96%

Rellablllty of Stochastlc PUF Across VDD

................ -.-2Ta|| PUF i
: : : -8-3Latch PUF

<
o

o
[o7)

=
.

.|1

Power Supply Voltage

o
(8]

Intra-Hamming Distance in %

8 0.9 1.

_CI:!

1.4

— Across Temp (0°C - 80°C)

+ 2-Tail: <0.14%
* 3-Latch: <0.15%

Reliability of Stochastlc PUF Across Temp

0.2

0.15

Intra-Hamming Distance in %
Lo}

-@-2Tail PUF
-8-3Latch PUF

0 20

: 60 80
Temperature (°C)

Sponsored by National Science Foundation (NSF)
UTE‘E International Symposium on Hardware Oriented Security and Trust (HOST) 2017
Al Universitv of Florida
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Conclusions

 Analog signals are everywhere
— Even digital data requires analog signal
processing techniques

* Different applications demand different
SPEeCSs
— Audio > Very high linearity and resolution
— Video - Medium BW and medium resolution
— HD Video-> Medium BW and high resolution
— BCI=> Very low BW and medium resolution

— Communication ->Large BW and medium
resolution

Universityv of Florida
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Conclusions

 Analog signals are everywhere

Every new application
opens up new opportunities and
brings new challenges in
Analog/Mixed-Signal Domain

AMS
UF AB Universityv of Florida 66
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