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ADC for Internet of Things (loT)

Smart distributed sensors require:

1. Low-power system (<100 pW)
2. High accuracy front-end (SNR>90 dB)
3. Edge processing
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ADC for Internet of Things (loT)

Smart distributed sensors require:

1. Low-power system (<100 pyW)
2. High accuracy front-end (SNR>90 dB)
3. Edge processing

Edge processing — Highly digital systems
 Best implemented in advanced nodes

« Complicates design of the front-end circuit
Lower supplies, lower intrinsic gain, ...
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ADC for Internet of Things (loT)

Smart distributed sensors require:

1. Low-power system (<100 pW)
2. High accuracy front-end (SNR>90 dB)
3. Edge processing

Edge processing — Highly digital systems
 Best implemented in advanced nodes

« Complicates design of the front-end circuit
Lower supplies, lower intrinsic gain, ...

Need innovative architectures for high-precision ADCs
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VCO-based ADCs

Pros:

« Continuous-time A
 Open-loop noise-shaping
 High scalability with process
VCO-Based ADC Block diagram

E
|j© D G xK : D =(G_K. )V, *E,1-2")
\/IN — 1-z-1|— out V. —{ m "“cCO— _(-!9- 1.z out OUT cco Q
cco _,_r'"_ z " S _,_.-"'_ : G
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VCO-based ADCs

Pros:

« Continuous-time A
 Open-loop noise-shaping
 High scalability with process

VCO-Based ADC Block diagram .
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Ideal integrator in phase Supply agnostic

Vix T Time-encoded
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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 ;
@ = -1
VILB@ _,—"rr {4-z1}-Pour v, _|G, xchco— _‘_,_r'_ _é_ 1.7 Pour Doy (G, Keco) Vit EQ(1'Z )
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Outline

B Motivation

B Prior Work

B Pseudo Virtual Ground Feedforwarding Concept
B Proposed 3"-order VCO-based ADC

H Circuit Implementation

B Measurement Results

B Conclusion
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Prior VCO-based ADCs

Open-loop [Jiang ISSCC ‘16] Closed-loop [Li CICC ‘19]

ZN: G "IJ D
O— =l Non lin. , L .r"H-

D— Gm _'_,-l"- ! correc:tion_E> ‘

—

v Highly digital v Good linearity
x Limited input range (<100 mV ) x Limited input range (<500 mV )
x Limited to 1st-order noise shaping x Limited to 1st-order NS

(NS)
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Prior VCO-based ADCs

DPCM-based correction [Huang /ISSCC 21] 2"M-ord. VCO-only [Pochet ISSCC 21]

p -

SIGN
det.

G, 31215 o G, |PFD ‘
EK[ | ; ZK[ | O 1@10

M P ﬁh‘

—SIGN

v Excellent linearity (>120 dB) v Great linearity (>110 dB)
x Large DAC (8b) v’ 2"d-order NS
x Limited to 1st-order NS x Sensitive to path mismatch
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How to improve VCO-based ADCs?

Prior-art performance primarily limited by: y 0
1. Input swing (< 500 mV ) v D PVG,GmB@ e ieot
2. Noise-shaping (< 2) R

=00 w CCO
3. PVT sensitivity D,
vPVG,Gm - VIN-DDAC ~3-10 mV
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How to improve VCO-based ADCs?

Prior-art performance primarily limited by:

1. Input swing (< 500 mV ) y D— [Poon PFD %UT
2. Noise-shaping (< 2) " cco
3. PVT sensitivity D= W

V =V D ,. ~510 mV

PVG,Gm IN = DAC

We propose an architecture that:
1. Allows for large input-swing (>1.5 V)
2. Enables higher order noise-shaping (3)
3. lIsreliable across PVT

ADC specs: >90 dB SNDR, 2.5 kHz BW, and 3"9-order NS
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Standard CIFB Architecture

3rd-ord. CIFB architecture:

v Higher order noise shaping
v' Good anti-aliasing

PSD [dB/Hz]

Y
[=]
o

-
[
o

60 dB/decade

-140 -

-160
102

10 10 .;05
Frequency [HZz]
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Standard CIFB Architecture

3rd-ord. CIFB architecture:

v Higher order noise shaping
v' Good anti-aliasing

x Limited coefficient scaling
x Tonal integrator output

a0k Tones and SQNR degradation
due to non-linear K,

PSD [dB/Hz]

D 120
140
_16202 | ”““103 | ”H“1o4 T l.””105
Integrator output contains input Frequency [Hz]
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CIFB w/ Input Feedforwarding (FF)

Key idea: FF path cancels DAC output — Integrator is free of input
v Reduces SQNR degradation
v Improves coefficient scaling

0
-20

E or Tones due to non-linear 1

E 80| degradatlon J,,-\rﬂ |' vt By |

o J\, ||

> Aloger )\ v
o -1ZOF\W _ 7 -“' _
a0} w " i
GFF ‘6202 S e
DAC output is cancelled [Silva Electronic Letters ‘01] Freq”ency [HZ]
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CIFB w/ Input Feedforwarding (FF)

Key idea: FF path cancels DAC output — Integrator is free of input
v Reduces SQNR degradation

v Improves coefficient scaling

x Reduces anti-aliasing

x Stringent FF path linearity

0
— -20
5:' or Tones due to non-linear 1
o [ Reduced SQNR | ¢ path st
E 122 degradatlon ,,,ﬁ ’ “M' At ’
- _rrrr Dg -120m\ﬂ/ Mm il"m‘l i'"
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DAC output is cancelled Frequency [Hz]
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CIFB w/ Input Feedforwarding (FF)

Key idea: FF path cancels DAC output — Integrator is free of input

v Reduces SQNR degradation
v Improves coefficient scaling
x Reduces anti-aliasing

x Stringent FF path linearity

GFF "~ Same operation: V- Vo,

U

Observation:

Both DAC nodes perform input signal
cancellation

0

20

Iﬁl -40 -
I Tones due to non-linear

S, 80t degradatlon ot ,.,, g
Q o0} \ pl"‘ &l 1_
2 -120f\/\\_/‘*w~v/ _ s ,f'ﬁl" :

140 |- N i

-160
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Frequency [Hz]
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Pseudo Virtual Ground (PVG) FF

Key idea: Feedforward result of input and DAC cancellation
v Reduces SQNR degradation
v Improves coefficient scaling

v' Relaxes feedforward path linearity
v Removes feedback DAC

No tones due to
non-linear FF path

PSD [dB/Hz]

D 120
-140
-160 :
10? 10° 10* 10°
Frequency [Hz]
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Coefficient Selection

Filter parameters: 130

Loop-filter order: 3 120}
Oversampling ratio (OSR): 80 .
: — 110
Out-of-band gain (OBG): ? o
a
T 100
7
90 —Linear 1%t stage
80 - - - -
1 1.5 2 2.5 3 3.5
OBG
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Coefficient Selection

Filter parameters: 130
Loop-filter order: 3 120}
Oversampling ratio (OSR): 80 .
Out-of-band gain (OBG): 2.5 'n;:' 10
T 100
7
90 —Linear 1t stage
—Non-linear 1*' stage
801 1:5 2 2:5 3 3.5

OBG
Loop coefficients obtained from the CT mapping of the DT loop-
filter
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Architecture Mapping

Block diagram mapping:

» Integrators mapped to G, -CCO integrator with PFD phase detector driving a
current pulser

* FF path implemented in the current domain with G, -cells
« Coefficients scaled to guarantee A¢p< 2w between CCOs

Block diagram mapping
IP
(@o@e®A> ® L z)@
—HG G :G CCO =
FF,1 FF “'m,FF
GFF = > B G
G D_ m,FF
FF,2
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Proposed Architecture

Vpp =08V
G -based PVG FF BW = 2.5 kHz
=pase
| 6., fN_DR > 90 dB
vPVG,Gmp. T . 400 kHz
\/IN’p fchop = fslz — 200 kHZ

D_ <6:1>

ouT

a

vIN,n IE: i
2 Counter-based
Vove.em| | VCO-based integrators Quantizer
- P ] 6b
i Z DEM —

High DR 39-order VCO-only ADC
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1st G -cell Implementation

G, -cell source degenerated for increased linearity

:II_O VB,Gm
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1st G -cell Implementation

G, -cell source degenerated for increased linearity
« Differential pair for maximum current reuse

:II_O VB,Gm
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1st G -cell Implementation

G, -cell source degenerated for increased linearity
« Differential pair for maximum current reuse
« Thick oxide devices for low gate leakage

u
V L 5 chop
PVG, | VIN n
Ccm
; “ C B,Gm
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1st G -cell Implementation

G, -cell source degenerated for increased linearity
« Differential pair for maximum current reuse

« Thick oxide devices for low gate leakage

* Pseudo-resistor biasing

u
V L 5 chop
PVG, | VIN n
Ccm
; “ C VB,Gm
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1st G -cell Implementation

Chopping improves CMRR and upmodulates offset and flicker noise
« CDAC chopping — differential-mode chopping artifacts

IN,n
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1st G -cell Implementation

Chopping improves CMRR and upmodulates offset and flicker noise
« CDAC chopping — differential-mode chopping artifacts
« Dead-band switch converts artifacts to common-mode

IN,n
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2nd & 3rd G_-cell Implementation

G, -cell composed of feedforward and current pulser

 Differential pair with g, /I > 20
* G, -cell current chopped down to match path polarity
* Current domain path summation directly into the CCO

e E———
"/
PVG, INp _|I: :Il—vpve,mn
‘ |PFDUP—o o—PFD,,,
v |—O
B |NTC>—| |—OVB FF Vaur
;_ S—
25.1 A 4.4pW 2.5kHz-BW 92.1dB-SNDR 3rd-Order VCO-Based ADC with Pseudo Virtual Ground Feedforward Linearization
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2nd & 3rd G_-cell Implementation

Current pulser implementation suffers from:

« Slow settling time due Vg = 0 at turn-on time
« Large Vg across the switch when off causes leakage
10-4 . . | . . @ @
! Slow settling
2 16°) 1 o ———
= ] 2 Vv
s | ,K Switch leakage | PVG, INp —| VYovomn &
3 16°| N\ ‘ ‘PFDUP—O " soom l: :I o—PFD,,.
| _/_J v AN
1 61OE . : . . B*’”To_l |_OVB, FF I_OVB,INT
0 100 200 300 400 500 600
Time [ns] = L =
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2nd & 3rd G_-cell Implementation

Current shunted to a CCO replica solves the issues:
* Fast settling due to constant current source Vg

* Low leakage due to near-zero switch V4 in the off state
Replica bias Replica bias|
— | | |
< 651 - e E————l
= 10} Fast settling 1 a0 chop e
= ] v V
@ ! ,\ ] l PVG, INp —|I: :I'- PVG,INn &)
5, 8} ‘ ‘PFD -0 o—PFD
Q 107 No leakage il P, g ||
i f Vonro] L Ao
1 61OE - - : : - al | = VB, FF | O VB,INT
0 100 200 300 400 500 600
Time [ns] = L =
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Chip Micrograph & Power Breakdown

Digital
(0.88uW)

31 |nt.
(0.36uW)

2" |nt. _
0.34uW) Bias
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Measured Spectrum

0 ' o R ! PR R ! A | L - L | |
_ Out of band
ol Vm_w— 1 .BVPP @ 322HE 5 _ I_'IIF )
SEI:lDR = 92.1dB,_ BW = 2.5kHz _ HD3 =-123.2dB
E 40 27 FFT, Hann window, 32x averaging \ .
o~ =125}
m -60[ N
=
o % 130 | -
N 800 - 100
0.-100 | .
60dB/decade
120} | .
_140 i i 9 i s aqaal i i i i s sl i i i i s sl i 13 i 14l i i 4 i i saal
10° 10 102 10° 10 10°

Frequency [HZ]

High SNDR (>90dB) and SFDR (>120dB)
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Measured Dynamic Range

94

SNDR [dB]
0 B %‘I D =d

DR=921dB

_1 u. ] | ] ] | | | | |
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0

Input amplitude [dBVpk]
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Supply sensitivity measurement
1. Supply voltage was varied from 0.7V to 1V

.—|_1V

_.l

o7v
900mV
\/\ g ADC

93 ,

[{=]
=y

SNDR loss <1 dB

SNDR [dB]
<

) (NI PESSE S S— -
F 3

|

|

Y|

89} I
88| '
|

87 L 1 1 |

0.7 0.75 0.8 0.85 0.9 0.95 1
V,, [V]
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Supply sensitivity measurement

1. Supply voltage was varied from 0.7Vto1V
2. 100 mV,, sinusoidvon supply to test PSRR

I1
07v 100 mV [ /2% - /=X -, 0.8V
900mV -
\/\ g ADC ;/
VCM =500 mV D— ADC

-
-
o

-
o
o
n

|
| Out of band"

I

SNDR loss <1 dB

[+-]
w0
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<

PSRR [dB]

) (NI PESSE S S— -
F 3
v
m-———————

88 |
80 ] : L
o | | | 10’ 10° 10° 10
07 075 08 08 09 095 1 Frequency [Hz]
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© 2022 IEEE 25.1 A 4.4pW 2.5kHz-BW 92.1dB-SNDR 3rd-Order VCO-Based ADC with Pseudo Virtual Ground Feedforward Linearization

International Solid-State Circuits Conference 41 of 50



CMRR measurement

Full swing common-mode input was used to characterize the CMRR

0.8V
1T

900 mVI /\/ D—< ADC

' | 'Out 8f band|

CMRR [dB]
[{]

[+ ]
- 0
o
—
-
o
L]

Frequency [Hz]

CMRR > 87 dB in 2.5 kHz bandwidth
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Performance Across Dies

Optimized settings
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Performance Summary

H. Chandrakumar S. Lee C. Lee S. Li J. Huang C. Pochet
This work
ISSCC VLSI ISSCC CICC ISSCC ISSCC
2018 2021 2020 2019 2021 2021

Integration domain Voltage Voltage Hybrid Time Time Time Time
Topology 34 _ord. 3"_ord. 2" _ord. 1% -ord. 1% -ord. 2" _ord. 3" _ord.
Technology [nm] 65 28 65 40 65 65 65
Area [mm?] 0.113 0.12 0.078 0.025 0.075 0.075 0.1
Supply (A/D) [V] 1.2 0.6 1 0.8/0.6 0.8 1.2/0.8 0.8
Power [uW] 4.5 33.6 6.5 4.5 1.68 5.8 4.4
DAC type Capacitive Resistive Resistive Capacitive Capacitive Capacitive Capacitive
Input range [V,] 1.77 0.8 0.3 0.1 0.46 0.4 1.8
Sampling freq. [kHz] 400 12800 1280 2500 64 200 400
BW [kHz] 5 40 10 10 0.5 1 2.5
CMRR [dB] N/A 55 76 83 97 89 80-93
SNDR [dB] 93.5 83 80.4 78.5 94.2 923 92.1
DR [dB] 96.5 86.5 80.4 79 95.1 92.3 92.1
SFDR [dB] 101.4 94.2 92.2 91 128 110.3 123.2
FoMgsnpr[dB] 184 173.8 172.3 172 178.9 174.7 179.6

FoMg\pr[dB] = SNDR + 10log, ,(BW/Power)
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Area [mm?

Supply (A/D) [V]

0.113
1.2

0.12
0.6

1

0.8/0.6

0.8

0.075
1.2/0.8

0.8

Power [uW] 4.5 33.6 6.5 4.5 1.68 5.8 4.4
DAC type Capacitive Resistive Resistive Capacitive Capacitive Capacitive Capacitive
Input range [V,] 1.77 0.8 0.3 0.1 0.46 0.4 1.8
Sampling freq. [kHz] 400 12800 1280 2500 64 200 400
BW [kHz] 5 40 10 10 0.5 1 2.5
CMRR [dB] N/A 55 76 83 97 89 80-93
SNDR [dB] 93.5 83 80.4 78.5 94.2 923 92.1
DR [dB] 96.5 86.5 80.4 79 95.1 92.3 92.1
SFDR [dB] 101.4 94.2 92.2 91 128 110.3 123.2
FoMgnpr[dB] 184 173.8 172.3 172 178.9 174.7 179.6

FoMg\pr[dB] = SNDR + 10log, ,(BW/Power)
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Performance Summary
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Comparison to the State-of-the-Art
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Highest FoOM among VCO-based ADCs
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Conclusion

Demonstrated a new technique enabling a higher-order VCO-based
ADC with high linearity and dynamic range

Key innovations:

Pseudo virtual ground FF enabling 3"9-order NS and SFDR>120dB
Digital friendly architecture using only VCO integrators

Excellent CMRR and PSRR

State-of-the-art Schreier FoM among VCO-based ADCs
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