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SAR ADC introduction
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Usually implemented with switched capacitor:

A Efficient algorithm (binary search)
A Simplecircuit design
A Scales well with technology, VOIQe

A By default no calibration/trimming since there
are no critical bias currents/RC constants/offsets




SAR ADC performance area
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A SAR ADCs became of interest for power constrained
applications: battery powered & wearable systems, loT



SAR ADC performance area
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ADC trends: frequency vs SNDR
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A SARbased ADCs cover almost every application

Except highest resolutions



ADC trends: efficiency Vg e
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A SARbased ADCs are highly efficient

For any speed of operation



ADC trends:

efficiency vs SNDR

1.E+07
® SAR-based converters B.Murmann, "ADC Performance Survey 198720," [Online].
1 E+06 - 6 non-SAR converters Available: http://web.stanford.edu/~murmann/adcsurvey.htm|.
O
---- FOMW=1fJ/conv-step ©
1.E+05 4| ——FoMms=185dB
— 1.E+04 - Qo
L=
2 o
c  1.E+03 - Yo
> oo
® 00°% Lo B
x 1Et02 | 8o T%¥oo
| m 5 o o Bl “'-"
E+01 | chﬁO% Bo -7 Nearly state
' ﬂ F "5 of the art
o © % L |
1.E+00 1 onlt W,
° State of the art
1.E-01 . . . .

10 20 30 40

90 60 70 80 90 100 110 120

SNDR @ f;,, ¢ [dB]

A SARbased ADCs are highly efficient

Especially for <70dB SNDR, but gradually also for >70dB SNDR



Lowspeed vs higispeed design

Low speed ADC
Optimize efficiency

A KT/C (noise)
A C (matching)
A a OV (energy)

A Cparasitic(energy)

DAC
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High speed ADC
Optimize BW & timing

A RC constants;
C’Roarasitic Cparalsitic
(delay)

A Sampling switch
timing (jitter/skew)

A Noise
A Energy

Comparator

Latch}

A Delay



Lowspeed vs higispeed design

Low speed ADC High speed ADC

At NaAGA|O / Qay At NI aAldAcC
Increase energy Layout delayA
consumption speed limit

A Lower VDD
A Smaller devices
A More leakagd-

Technology A Higher intrinsic
scaling speedJ
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Techniques for poweefficiency

A Power efficiency: SNDR vs energy consumption
I Noise & linearityersusenergy consumption

A What is the main bottleneck?
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Noise improvement

Better circuit /
A Fundamental tradeff $ architecture

energyc noise

A Example for SDAC:
i Energy CV
i SNR 2/ (kTC)
i Efficiency (Energy/SNR)KT

SNR [dB]

Energy [J] (log)

A More efficient circuit or architecture
I Amplification
I Averaging
I Filtering



Noise improvement Amplification (1)

A Pipelined SAR ADC

< SAR Amp SAR |—

) Noise of 24 SAR ADC is
i Improved SNR divided by Amp gain

I Increased throughput rate

A Efficient amplifier required
I May need offset/gain/linearity calibration

K.Bult Si& EFORA GAl Siy3dke w S & A Redegr AnatogJTeahmidué&sNSerisears fdr Mobile2 &
Devices, and Energy Efficient Amplifie’sdvances in Analog Circuit Design 2018, Springer.




Noise improvement Amplification (2)

A Conventional SAR ADC T
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Noise improvement Averaging (1)
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A Oversampling
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N +6dB SNR in BW of interest

A Every 4x OSR4x powerp\ +6dB SNR
Constant efficiency 16

4x oversampling




Noise improvement Averaging (2)
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A # comparator decision$\ x 1
A Repeat same decision and take majority vAte

averages com
I When |V|nQ Vdac
i When |V, (& Vi

parator noise. E.g.: 11201

large: 1 decision reliable enough80% Nx 1

small: vote on multiple decisions20% Nx 5

Comparator SNR

+6dB with less than 2x po\vémm 1.8 xN

td | NLISZ S kSdSRAR ADC!WithvDarivem Noise Reduction
Achieving up to 10.1b ENOB at 2¥Zonversior{ 1 SLJZ¢ L999 W{{/ I *2f® ny> b




Noise improvement Filtering (1)

A Noiseshaping SAR: Oversampling + neiBaping
I Residue voltage of SAR ADC (available @ DAC after conv
I Integrate this (loop filter) and add to input signal

Vi, l QReSid“eﬁ Loop filter C SAR > Doy

A Result: noiseshaping .
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Noise improvement Filtering (2)
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1. After SAR conversion, sampe.y 0N G, capacitors

2. Flip position of C.and/ Qcapacitors

I Voltage on (. is averaged with voltage on (A Integration
I G, s in series with the DAC, so its value is added to the next sample

Y4 [ Ay S S {-BWB20MS/scPhssive NaiSlhdping SAR ADC with
Passive Sign&lesidue Summationin 14nRnFEX ¢ L 999 L{{// Hnamp®P




Linearity improvement

Better matching /

A Tradeoff caused by acorrection technique
DAC element mismatch

A Example for SDAC:
I Mismatchs2” 1/A” 1/C

I +6dB linearityd Y2 xs A
4x A and 4x C, so 4x energy >
Energy [J] (log)

A Linearity enhancement techniques

I Improve matching of DAC elements
| Calibration

I Mismatch error shaping (MES)
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Linearity improvement Capacitor design (1)
A Binary code _----

Digital weight
Analog weight 1+el 2+eZ 4+e4 8+e8

A Accurate matching:
unit elements Capacitor valuek{/C limit @1Y,)

1[G # bits N 2N C. =2 NC, C,
6 64 0.2fF 3aF
2 |G HG
8 256 3.3fF 13aF
4 |GG HMG MG 10 1024 52fF 51aF
12 4096 0.8pF 0.2fF
A Many elementd i
_ 14 16384 13pF 0.8fF
A Requires small,C 16 65536 0.2nF 3.2fF

with goods
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Linearity improvement Capacitor design (2)

A Capacitor implementations

MIMCAP
Area inefficient
G, usually > 2fF
1 design parameter (A), which sets C and

MOMCAP

Area efficient

C.in < 0.25fF

More design parameters (length, width, spacing, # laye
Partial decoupling of A, C, ard

Double space (d)
Double length (L)
A Same C, larger A, bettsr

t @ | I NLIS ZnWSBhit 10MS Asynahronous SAR APC
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Linearity improvement Capacitor design (3)
A Example: SAR ADCs in 65nm CMOS \yi#P80aF

T 10b ADC:
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Linearity improvement Capacitor design (4)

A Deltalength capacitors: smalleg, ., compact,
#elements is linear in N rather thaf 2
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Linearity improvement Capacitor design (5)
A Design example: 10b SAR ADC in 65nm CMC

Metal 1 — 3: ADC circuitry Metal 4 — 5: shield (not shown)  Metal 6 — 7: DAC capacitors

Logic
to DAC

DAC to
comparator

1. S&H Switches 2. Clock boosting circuit I DAC (pos) / DAC (neg)
3. Comparator with asynchronous clock generator Dummies Dummies Dummies
4. SAR logic and SAR register 5. DAC drivers Shield
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Linearity improvement Capacitor design (6)
A Design example: 10b SAR ADC in 65nm CMC

I G,= 125aF, ADC size 36 x36
I Small area, low power, good match

INg

A 12 This work (10 samples) & -
= ® Published data @ -
E 0.8 it [9] Trend line — |
O o4t T i
— 15
AN T L1
< 0.125 05 1 2 4
= Unit capacitor size [fF]
Note: [9],[1416] can be found in the paper below
td | F NS> a&! [/ 2 YL} GuengihGapacifolsw ! 5/ gAGK | YA
YR F tlF&aaA8S CLw CAfUSNEE L999 W{{/ =06+2¢




Linearity improvemeng Calibration
_----

Digital weight 1
Analog weight 1+, 2+e2 4+e, 8+e8
A Aim: rather than minimizingQ &pridri, apply calibration
afterwards to match analog and digital weights:
i Step 1: acquire info aboeQa | F 3 SNJ LINE R dzO
I Step 2: correct weights so analog matches digital

A Analog correction: tuneQa G261 NRa | SN2
A Digital correction: tune digital weights toward® &

I Digital correction usually consumes more (higeADDer$
I Analog correction is usually efficient (trim capacitors)
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Linearity improvement Calibration (1

A Example: 13b SAR ADC with background calibration:

I Digital detection A
A Mismatch shows at major

code transitions in INL/DNL
A If codeBoccurs, the ADC switches Aol 2l IA
A Extra comparison reveals signiof -
A

A Capacitor can be tuned towards zero errc >
code

MSB=0 MSB=1

' Analog correction - Calbration elements | Nominal Capacitor

P L 1 1 1
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Linearity improvement Calibration (2
A Implemented in 40nm CMOS. Power and area overhead is lo

Before calibration

—b
m
=0
—
Zﬁ DAC mismatch error
0 8191
Calibration Sampling . .
T 5% o ator After calibration
10% 59% —*—HG

«—S&H non-linearity,

DAC
22%

0 Code 8191

# Sampling ®Comparator “DAC #Digital ® Calibration
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Linearity improvement MES
A Noise shaping Mismatch Error Shaping

e MES SAR @ sampling phase
> Vip —
€ Time T T T
. . 1T O\ 1\
Highpass filter: 1¢ z* V iof I | | >

- DAC remains airevious code

MES SAR: DAC reset
Vin - Vin -

OI_( OI\ Ol\ 0\ 0\ \
Ve | vy Sy

- DAC reset to midcale - DAC reset to midcale
- No memory from prev. sample - previous code (and) subtracted

Normal SAR @ sampling phase
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Outline

A Application examples
A Limitations and future trends
A Conclusion



Power & Areeefficient sensors

A Power gated bridge & ADC

I 2.18pJ/sensor reading
I Power scaling vs speed

A Areaefficient ADC
i 36 x 46mm in 65nm CMOS
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