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Self Introduction

Corentin Pochet
- B.Sc. and M.Sc. from ULB, Brussels, Belgium
« Henri Benedictus BAEF Fellow

« Ph.D. student in the Biosensor and Bioelectronics lab at the
University of California, San Diego

« Research focused on low-power power sensor front-ends
and time-based ADCs
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Needs and Challenges

Continuous wearable physiological monitoring:

- Improved health monitoring — ’ .
s ontinuous monitoring

« Sport performance monitoring
« Rare event (anomaly) detection

Typical wearable front-end

Vi \
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« Improved health monitoring
« Sport performance monitoring
« Rare event (anomaly) detection

Requirements: Sa
« Low power (<10 W)
« Low noise (<5 yVrms)
« Low bandwidth (< 1 kHz)
- High input-impedance (>50 MQ)
- High dynamic range (>90 dB)




PGA-ADC Front-ends

Saturation
Signal of interest //
<10 mV PGA + ADC
T /U\ s
T /‘ PGA ADC | + Amplifies & filters signal
>200 mV,_ - Limited linearity (<80 dB)
Gain ~ 40 dB - Limited DR (<80 dB)

I\-I-Iotion artifact
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Direct Digitization Front-ends

Signal of interest
, Direct digitization
<10mV ;
L [\ +Large DR (>90 dB)

T ADC + High linearity
>200 mV, J\ -Low Z,

- Potential aliasing

28.4: A 400mVpp 92.3dB-SNDR 1kHz-| nd-Order
VCO-Based ExG -to-Digital Front-End Using a Multiphase Gated -Inverted Ring-Oscillator Quantizer 6 of 49



VCO-based ADCs

Pros:

« Continuous-time AZ

 Open-loop noise-shaping

* High scalability with process
VCO-Based ADC | | Block diagram

{1z1Do G,xK Q 1 Pour D ot (Gm cho) vm + EQ(1-Z-1)§
Vm‘@‘@’ _I_r'-r 1-z* Ut Ve = CColn _I_r'-r —(’!’)‘ 1-z'-° \_.G —
) £co . | ADC f

noise shaping

.................
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VCO-based ADCs

Pros: Cons:

« Continuous-time Az  Very non-linear

 Open-loop noise-shaping « PVT dependent gain

* High scalability with process * Limited to 1st-order noise-shaping

VCO-Based ADC Block diagram .
Q — + - -1
Vm‘@@’ _I_r"'_ 11-2" Dour V., G, * Keeol _I_,_r'_ —ér)— 1-2" Do DOUT (LGm\Kfcc J)VIN EQ(1 z)
k ¢co > A Goc
4 _ 4 ... PVT dependent gain 4 Limited to 20dB/dec
Non-linear = L /
G e — == j
ADC (@) @ |
(&) D /
N G, OSR
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VCO-based ADCs — Prior art

AC-coupled closed-loop

nd
) +

I

G

>

Open-loop
> NL |
- correction
L [Jiang JSSC “17]
+High Z,

+ Small area

- Limited input range and linearity
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1

[Zhao JSSC “20]

+ High linearity and input range
+ No 1/f noise
-Low Z
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DC-coupled closed-loop

m,1 Gm,2 -"rrr
_,-'"r

(e

-
-

\
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R
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[Lee ISSCC “20]

+High Z

+ 2"4-order noise-shaping
- Flicker noise sensitive

- Common-mode sensitive
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ystem design

© 2021 IEEE 28.4: A 400mVpp 92.3dB-SNDR 1kHz-BW 2nd-Order
International Solid-State Circuits Conference VCO-Based ExG-to-Digital Front-End Using a Multiphase Gated-Inverted Ring-Oscillator Quantizer 10 Of 49



2"d order ADC - Core concept

Time-encoding integrator| 'Noise-shaped TDC |
V. V D
" ouT
&2 G PD (N ~Ha-z'fro
| cCo
< DAC
[Zhong JSSC ‘20]
<G
N ATV
—in E,
/\/ "t G, * Keeo L King _d_} 1_z-1..DD0UT
S S
I:,DOUT
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2"d order ADC - Benefits

'Time-encoding integrator‘

Noise-shaped TDC |
V. V D
" - ouT
@ Gm PDi{~H ~H1-z"m™
| cCo
< DAC
N\ [Zhong JSSC ‘20]
Small input swing G
DAC ATOCV
—in E
e, Gmecco _—|_ KTDC _(_b_ 1_z-1..DD0UT
V. v, —>

2*-order noise-shaping

40 dB/dec

Intrinsically linearity and dynamic power
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Frequency

A High power

Low power
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“Basic” front-end implementation

Xth 165 pEM-T2.
Vs ] PR

Veudh | | B [IE——. PFD

V.2 H AT

Dom<1 7>
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“Basic” front-end implementation

Xth 166 pEM-T2.
Vini ™ ] P v

V4| |G IC——  |PFD

M s ———— DWN
3 S5
n,n "= *==-9

AC-coupled & chopped " =
— DC CM isolation
—s High CMRR

Dom<1 7>

V.
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“Basic” front-end implementation

DEM"2..

I+ 16b
Z i [

' cco, GRO —
oo <iig AN
Ve HHH g ST 2 e
Vewg G, IE— PFD [ \34 17
: e | DWN .
Viow I;[>;[>> Counter
| cco, =
AC-coupled & chopped Chopped G_-CCO integrator =
— DC CMisolation  _, | ow 1/fNoise
> High CMRR
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“Basic” front-end implementation

DEM"2..

I+ 16b
Z i [

IER e e
V., - 5137 DS, iz
" ch‘;;] G, IE——_ [P0\ F s
Viow ‘ I;[>;[>> o : Counter
cCo ’\ X
AC-coupled & chopped ¢ CCO ; =

— DC CM isolation Q?ﬂ;ﬂ /?ﬁno(i;sio Integrator

o g IECHIRE PFD-based phase detection

— Wide input-range
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“Basic” front-end implementation

Z 41 16 7h
X i ~——DEM———

’ cco | GRO —
e ST C R e
VCM_;: Gm _ PFD:Z L D <1:7>
Vin,E>— ‘ ';[>;[>> O : Counter oo
cco T
AC-coupled & chopped Chopped G_-CCO integrator b\ =

— DC CMisolation  _ | 5\ 1/fnoise GRO-based noise-shaped TDC
— High CMRR PFD-based phase detection — Power-efficient quantizer

— Wide input-range
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“Basic” front-end implementation

z 41 16 7h
X i ~——DEM———

’ cco, | GRO —
e ST C R e
VCM_;. Gm _ PFD:Z L D <1:7>
Vin,E>— : ';[>;[>> O : Counter oo
cCo T
AC-coupled & chopped Chopped G_-CCO integrator b\ =

— DC CMisolation  _ | 5\ 1/fnoise GRO-based noise-shaped TDC
— High CMRR PFD-based phase detection — Power-efficient quantizer

— Wide input-range
But, there are a few issues with this architecture...
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Issue #1: Gated Ring Oscillator quantizer

I~ 16b 7b
X g i ~——DEM——
cCo |
V o . TST1> v all !
in,p ] L 7 v} H 1-z7 Z =4
VCM_E: Gm — PDFVI\?N D, <1:7>
V,.C- ';[>;[>> Counter
cco b
GRO-based noise-shaped TDC
— GRO mismatch induces non-linearity
— GRO requires long hold time
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Issues with GRO-based quantizer

Charge leakage

r | r K Positive path | 4
— [ K T « Py GRO \ GRO,
pFSP é GRO " =i AHZ N ATkl @ 0 et f
= 0 [ — @_
1 ow al J_I_r'_ -z B - N | JJ_,.I' = \

g
i SR \K"_ Negatlve path

h \ Time
Mismatch induced non-linearity

Phase

mlx

« Path mismatches causes even-order harmonics
 Long hold time leads to charge leakage
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ADC spectrum with GRO mismatch
0 ; i : ﬂ SE— .

-20 -

——No mismatch
—w/ 5% mismatch

40} Al

-60 |- -

dB/Hz

-80 -

-100

-120 -

-140 -

-1 60 4 4 L LR 1 1 1 1 L 1 i i L1 i1
10’ 10° 10° 10*
Frequency (Hz)

Typical mismatch o = 5% degrade SFDR by > 30 dB
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Issues with GRO-based quantizer

Two issues due to GRO-based quantization:
1. Mismatches cause SFDR degradation
2. Inactive GRO require to hold charge for long period of time

Two innovations to solve these issues:
1. Sign feed-forwarding from the PFD enabling path merging
2. Gated-inverted ring-oscillator (GIRO) improving the matching
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PFD Sign Detection

Eliminates deadband pulse
Takes absolute value

2 Timing Diagram
______ UP\ Q{@; He ™
by e ] 1

------ DWN &) DWN “ ‘ ‘
Lo xor | L[ 1

SIGN

D Q T
/' Sign detection circuit SIGN

Detects and feedforwards the signal polarity
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GIRO-based quantizer

""" UP

PFD

------ DWN

D

Pseudo-differential path merged
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]
' I

Rotation reversal

SIGN

Phase

GIRO active on both polarity -z

Time
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GRO  GRO,
p
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Quantizer mismatch comparison

GIRO M

© 2021 IEEE
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Typical path mismatch o ~ 5%

- Inactive path required to hold state

for long period (ms)
- Path matching affected by I, C, V,
- Minimum layout distance 10s zm

Typical path mismatch o ~ 0.5%

+ Always active
+ Path matching only affected by V
+ Adjacent layout

V_,: Voltage swing
I, : Bias current
C : Node capacitance

28.4: A 400mVpp 92.3dB-SNDR 1kHz-BW 2nd-Order
VCO-Based ExG-to-Digital Front-End Using a Multiphase Gated-Inverted Ring-Oscillator Quantizer

30

-10

-5 0 5
Frequency variation (%)

15

25 of 49



ADC spectrum with GIRO mismatch
0 . ———— ] ; ﬂ ——— ]

-20 - Al

40 | i
-60 | i

-80 - 4
SFDR > 100 dB
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-160 oSS ettt ! A L
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Typical mismatch o = 0. 5% degrades SFDR by <10 dB
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Issue #2: PWM Encoding
-
Vs ] P v

Var ||| G o=ea_[[PPRIE) >
Vin2- ﬁb&;io

Chopped G_-CCO integrator
— Generates tones at F .,
— Power hungry CCO

D, .<1:7>
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PWM quantizer architectures

Single phase/Single quantizer

7
gg‘afgﬁ s Haiz o

DL

Multi phase/single quanti;er

QO

A

A

evel — intrinsic linearity High tone power at fcco

PWM tone

| /A—/R

= (&

UP| L
pED Y 1T
DWN| U @Q

International Solid-State Circuits Conference

i-e wi-e
WP s ©

I, e
Lt atlts aate,
time fin fCCO 2fCCO 3fCCO

Multi-level — Non-linear 3x higher tone frequency
A A

VCO-Based ExG-to-Digital Front-End Using a Multiphase Gated-Inverted Ring-Oscillator Quantizer

time . ..o
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Multi-Phase/Multi Quantizers

=

PFD ;

E*@*

y
ADC BW
T PWM tones
.tTr*
n CCO CCO

] I 41T14
f f

I

in CCO cco

] TT 4TTT4
f f
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P
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I A= PV!M tones folding
) Gl
Sampling : T 1,
& o
Quantization
B It,
i1, /

f
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-BW 2nd-Order

%

Remaining tones due
to imperfect tone
cancellation
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Number of Phases Tradeoff

120 : : - 8 - - m 10
i : o Tk — G_- CCO power | S, 9| 1
100} : ——Level-shifter/PFD| | + g [Pelgrom’s law (VN)) |

= B | — N 6 Total b @ 7
@ gp ! 15" =l y
=Aad| 1 SQDR > 100 dB I3 o 6} .
¥ 60 | : 1 24f Shallow minimum 3 st l
g - 15 9| ™~ 5 4| -
75 40 ! i ; . * E 3L i

I { © 2t Min. G_ power =
T [ Qo om e — I 1
20 : 1 {0 1L g 1L -

. I . 0 . L LL 0 ! ! ! L
0, 2 3 4 5 6 1 2 3 4 5 6 P 1 ) 3 4 5 6
Number of phases Number of phases Number of phases
5 phases selected from this analysis
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Issue #3: Low Input-Impedance

Vo5 7
P v _': G

V -
in,n

AC-coupled & chopped |

€C0,<1:5>

S

CCO <1:5>

— Reduced input |mpedance
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Input-impedance Boosting

V.
in,p .
Vin,n %, No gain boosting 60 4  Bdostdd Zm\
| AQ, = CV, T T
- o = 40
. =
pre-charging Z .0l >10x increase
w/ gain boosting N
7 20
‘L _/_\A_Qaux<< AQD
L 100 ¢  Unboosted Z 1
1~ i 11 1
Auxillary Z_boosting L [Chandrakumar JSSC *18] " FrequencyMz]
Concept used in CClAs to boost the input impedance
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Proposed Sensor Front-end

PWM-encoding
4 | 16b @ w7 PowercV_
Sl ' /
e (= GIROQ<5>  / ‘
| cco?<’1.-5> " GIRO O<1> 1
IL :--O c---O
v, oIt e ara, (K
VCM_‘ Gm : . . UP =
"B R RNed el e
D —
‘/in,n 1 | R">°>°§ PIIJ:VI\?N D
\ - CCOn<1>
\ CCO <1:5> N
%‘\’ Chopping & ac-coupling = SIGN
t - |_ow /f noise D Qf— -
— Insensitive to CM voltage \— —,
Auxilliary path impedance-boosting Multi-phase GIRO quantizer
— High Z — Improved power-efficiency
— 20 dB linearity improvement
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Circuit implementation

© 2021 IEEE 28.4: A 400mVpp 92.3dB-SNDR 1kHz-BW 2nd-Order
International Solid-State Circuits Conference VCO-Based ExG-to-Digital Front-End Using a Multiphase Gated-Inverted Ring-Oscillator Quantizer 34 of 49



G, -cell design

G - cell ‘
m

in,p

v D H oo 1514 -

CM (<

D
‘/in,n ‘K ICCEI_

« Source degenerated G, -cell for linearity
« Thick-gate device to avoid common-mode drift

<
o
(P
=

J
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CCO Design

CCO <1:5>

Y

: ¢ |j I:J . :
N, I/_ j N,
: _’c_)urp;)(:)(:ourn "

— et 1 Symmetricriseffall time )
CCO <1:5>

« Differential stages with PMOS cross-coupling

« 30 stages tapped every 6 nodes
« Equidistant phase-tapping around 2n

Y

Gm
/
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GIRO Design

VSS |
SwW

SIGN
SW |

SW,
VSs|

SIGN

swW "SWB.

GIRO control

VDD |

SWB|
VDD,

SWB

SIGN

SWB

SIGN

Bias shared for ——--\

improved matching
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Single-ended
*~..Jeduced leakage
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1 IGIRO

Low leakage switch
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Measurement Results
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Die Micrograph & Power breakdown
Power Max - 5.8uW

= WG - CCO

W GIRO

B Power Min - 4.25uW Counter + DEM
DAC

W Z Boost

- L
i
|

SR REERERERREANEE g

Chip designed in TSMC65 LP with active area 0.075 mm?
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Measured SNDR

PSD [dB/Hz]
2

IN,pp

SNDR=92.3 dB

262144 pts Hann window

V. =400 mV @ 86.6 Hz

SFDR=110.3 dB

40 dB/decade
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Measured DR and Power Scaling

DR=923dB

()]

$)
ADC Power [ 1 W]
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Measured Two-tone Linearity

Bl l200l mV' alrtifalct |
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Measured Input-Impedance

60
Boosted ZIN

50 bt —

40 -

12X increase
30 |
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Measured ECG with Motion Artifacts

10 -

Motion artifact

Amplitude [mV]
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Measured EOG and EMG

Electro-oculogram (EOG) ; Electromyography (EMG)
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= | | | | = o5
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22 (Right Right 35
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Performance Summary

J.Huang S.Li W.Jiang C.Lee J-S Bang H.Chandrakumar This work
VLSI 2020 CICC 2020 JSSC 2017 ISSCC 2020 VLSI 2018 JSSC 2019
Integration Domain Time Time Time Hybrid Voltage Voltage Time
Topology 15t -ord. VCO| 1% -ord. VCO Opf;gg"m Gﬁf dcf\r/% o | 3-ord.CTAZ CCIACTFZ; -ord. Z'ig’(‘;d‘
Technology [nm] 65 40 40 65 180 65 65
Area [mm?] 0.08 0.025 0.135 0.078 0.5 0.113 0.075
Supply (A/D) [V] 1.2/0.7 0.8/0.6 1.2/0.45 1 1 1.2 1.2/0.8
Power [uW] 3.2 4.5 7 6.5 6.5 7.3 4.25/5.8
Coupling ac ac ac dc ac ac ac
Input-range [mV, | 250 100 100 300 360 200 400
Sampling frequency [kHz] 32 2500 3 1280 12.8 400 200
BW [kHZz] 0.5 10 0.2 10 0.3 5 1
CMRR [dB] 98 83 66 76 84 78 89
Input-referred noise [nV/vVHz] 53 36 367 95 265 90 110
SNDR [dB] 88.1 78.5 75.2 dB 80.4 84.3 78 92.3
DR [dB] 94.2 79 77.4 dB 80.4 84.3 81 92.3
SFDR [dB] 105.1 91 79 92.2 104.7 81 110.3
Zin at DC [MQ] 4 0.22 o0 00 39 1500 60
Zin at BW [MQ] 4 0.22 8 13.3 39 19.6 50
FoMq\prldB] 170 172 149.6 172.3 160.9 166.4 174.7
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Conclusion

We reported a 2"9-order VCO-based ExG front-end with high
dynamic range and low power for motion artifact tolerance
using a new GIRO quantizer with sign feedforward.

Key achievements:
.« 2"d-order VCO-only ADC
- Wide input-range (400 mV ) and dynamic range (92.3 dB)
« Dynamic power consumption w/ input amplitude
« High input-impedance across the bandwidth of interest (>50 MQ)
- State-of-the-art linearity (110.3 dB) by using a GIRO-based quantizer

- State-of-the-art FOM (174.7 dB) using a power-efficient multiphase
quantizer

© 2021 IEEE 28.4: A 400mVpp 92.3dB-SNDR 1kHz-BW 2nd-Order
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