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SAR ADC introduction

ÅEfficient algorithm (binary search)

ÅSimplecircuit design

ÅScales well with technology, VDD, fsample

ÅBy default no calibration/trimming since there 
are no critical bias currents/RC constants/offsets
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SAR

Resolution & fsamplescaled over time
- Circuit innovations
- Technology scaling

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



SAR

SAR ADC performance area
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ÅSAR-only ADCs for medium speed/resolution applications

ÅSAR performance frontier uses SAR-basedADCs



ADC trends: frequency vs SNDR 
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ÅSAR-based ADCs cover almost every application
Except highest resolutions

SAR performance 
frontier

B. Murmann, "ADC Performance Survey 1997-2020," [Online].
Available: http://web.stanford.edu/~murmann/adcsurvey.html.



ADC trends: efficiency vs fsample
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ÅSAR-based ADCs are highly efficient
For any speed of operation

State of the art

B. Murmann, "ADC Performance Survey 1997-2020," [Online].
Available: http://web.stanford.edu/~murmann/adcsurvey.html.



ADC trends: efficiency vs SNDR

ÅSAR-based ADCs are highly efficient
Especially for <70dB SNDR, but gradually also for >70dB SNDR
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State of the art

Nearly state
of the art

B. Murmann, "ADC Performance Survey 1997-2020," [Online].
Available: http://web.stanford.edu/~murmann/adcsurvey.html.



Low-speed vs high-speed design

9

Comparator

DAC
Optimize efficiency Optimize BW & timing

Low speed ADC High speed ADC

A Latch
V1

V2

CLK

D

Digital
code

Vout

ÅRC constants: rout, 
C, Rparasitic, Cparasitic

(delay)
ÅSampling switch 

timing (jitter/skew)

ÅkT/C (noise)
ÅC (matching)
ÅaÖCV2 (energy)
ÅCparasitic(energy)

Rparasitic, Cparasitic

rout
C

ÅDelayÅNoise
ÅEnergy



Low-speed vs high-speed design
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Low speed ADC High speed ADC

Technology
scaling

Layout
ÅtŀǊŀǎƛǘƛŎ w ϧ /ΩǎΥ

delay Ą
speed limit

ÅtŀǊŀǎƛǘƛŎ /ΩǎΥ
increase energy
consumption

ÅHigher intrinsic 
speed J

ÅLower VDD J
ÅSmaller devices J
ÅMore leakage L
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Techniques for power-efficiency

ÅPower efficiency: SNDR vs energy consumption

ïNoise & linearityversus energy consumption

ÅWhat is the main bottleneck?
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tΦ IŀǊǇŜΣ Ŝǘ ŀƭΦΣ ά[ƻǿ-power SAR ADCs: trends, 
ŜȄŀƳǇƭŜǎ ŀƴŘ ŦǳǘǳǊŜΣέ L999 9{{/Lw/Σ нлмфΦ



Noise improvement

ÅFundamental trade-off
energy ςnoise

ÅExample for SC-DAC:
ïEnergy ́ CV2

ïSNR ́ V2 / (kT/C)
ïEfficiency (Energy/SNR) ´kT

ÅMore efficient circuit or architecture
ïAmplification
ïAveraging
ïFiltering
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Noise improvement ςAmplification (1)

ÅPipelined SAR ADC

ïImproved SNR

ïIncreased throughput rate

ÅEfficient amplifier required

ïMay need offset/gain/linearity calibration
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SAR SARAmp

Noise of 2nd SAR ADC is 
divided by Amp gain

K. BultΣ Ŝǘ ŀƭΦΣ άIƛƎƘ-9ŦŦƛŎƛŜƴŎȅ wŜǎƛŘǳŜ !ƳǇƭƛŦƛŜǊǎΣέ ƛƴ [ƻǿ-Power Analog Techniques, Sensors for Mobile 
Devices, and Energy Efficient Amplifiers - Advances in Analog Circuit Design 2018, Springer.



Noise improvement ςAmplification (2)

ÅConventional SAR ADC

ÅSAR ADC with kT/C noise cancellation
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*

WΦ [ƛǳΣ Ŝǘ ŀƭΦΣ ά! моō лΦллрƳƳ2 40MS/s SAR ADC 
with kTκ/ bƻƛǎŜ /ŀƴŎŜƭƭŀǘƛƻƴΣέ L999 L{{// нлнлΦ

j1j2

DA

Logic

Vin

C1
j2C2

Latch* # *

j1

Sampling noise: kT/C1 *j1

kT/C1 cancelled #
New sampling noise: 

kT/A2C2 *
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Noise improvement ςAveraging (1)

ÅOversampling

ÅEvery 4x OSR (º4x power)Ą +6dB SNR Ą
Constant efficiency 16

fsample/2

Nyquist-rate
noise

signal SNR

4x oversampling

noise

signal

4x fsample/2

Same total SNR

+6dB SNR in BW of interest



Noise improvement ςAveraging (2)

Å# comparator decisions: N x 1

ÅRepeat same decision and take majority vote Ą

averages comparator noise. E.g.: 11001 Ą 1
ïWhen |VinΩ ςVdac| large: 1 decision reliable enough

ïWhen |VinΩ ςVdac| small: vote on multiple decisions
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tΦ IŀǊǇŜΣ Ŝǘ ŀƭΦΣ ά! млōκмнō пл kS/s SAR ADC With Data-Driven Noise Reduction 

Achieving up to 10.1b ENOB at 2.2 fJ/Conversion-{ǘŜǇΣέ L999 W{{/Σ ±ƻƭΦ пуΣ bƻΦ мнΣ нлмоΦ

Logic

DAC

Vin

Dout

S/H
+

-
N

Vinô

Vdac

80% Nx 1

20% Nx 5

1.8 x NComparator SNR +6dB with less than 2x power



Noise improvement ςFiltering (1)
ÅNoise-shaping SAR: Oversampling + noise-shaping

ïResidue voltage of SAR ADC (available @ DAC after conv.)

ïIntegrate this (loop filter) and add to input signal

ÅResult: noise-shaping
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Typical 
values

NS-SAR SDM

Nquantizer 6 .. 10b 1 .. 4b

OSR пȄ Χ мсȄ16x ... >100x

Filter order 1st .. 2nd 2nd .. 4th

Shaped noise

Frequency

P
S

D

Band of interest



Noise improvement ςFiltering (2)
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Y-½ [ƛƴΣ Ŝǘ ŀƭΦΣ ά! плaIȊ-BW 320MS/s Passive Noise-Shaping SAR ADC with 

Passive Signal-Residue Summation in 14nm FinFETΣέ L999 L{{// нлмфΦ

1. After SAR conversion, sample Vresidueon Cres capacitors

2. Flip position of Cres and /Ωres capacitors
ï Voltage on Cres is averaged with voltage on CintĄ Integration

ï Cint is in series with the DAC, so its value is added to the next sample

Cres
Cint

/Ωres

/Ωres



Linearity improvement

ÅTrade-off caused by 
DAC element mismatch

ÅExample for SC-DAC:
ïMismatch s2´1 / A ́ 1 / C
ï+6dB linearity Ą½ x sĄ

4x A and 4x C, so 4x energy

ÅLinearity enhancement techniques
ïImprove matching of DAC elements
ïCalibration
ïMismatch error shaping (MES)
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Linearity improvement ςCapacitor design (1)

ÅBinary code

ÅAccurate matching:
unit elements

ÅMany elements L

ÅRequires small Cu
with good s
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LSB MSB

Digital weight 1 2 4 8

Analog weight 1+e1 2+e2 4+e4 8+e8

Cu Cu Cu Cu

Cu Cu

Cu1

2

4

# bits N 2 N Cs = 2 NCu Cu

6 64 0.2fF 3aF

8 256 3.3fF 13aF

10 1024 52fF 51aF

12 4096 0.8pF 0.2fF

14 16384 13pF 0.8fF

16 65536 0.2nF 3.2fF

Capacitor values (kT/C limit @1Vpp)



Linearity improvement ςCapacitor design (2)
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tΦ IŀǊǇŜΣ Ŝǘ ŀƭΦΣ ά! нсmW 8bit 10MS/s Asynchronous SAR ADC 
ŦƻǊ [ƻǿ 9ƴŜǊƎȅ wŀŘƛƻǎΣέ L999 W{{/Σ ±ƻƭΦ птΣ bƻΦ тΣ нлммΦ

ÅCapacitor implementations

MOMCAP
Area efficient
Cmin < 0.25fF
More design parameters (length, width, spacing, # layers) 

Partial decoupling of A, C, and s

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

Double space (d)
Double length (L)
Ą Same C, larger A, better s

d

L



Linearity improvement ςCapacitor design (3)

ÅExample: SAR ADCs in 65nm CMOS with Cu = 250aF

ï10b ADC:

ï12b ADC:
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tΦ IŀǊǇŜΣ Ŝǘ ŀƭΦΣ ά! млōκмнō пл kS/s SAR ADC With Data-Driven Noise Reduction 

Achieving up to 10.1b ENOB at 2.2 fJ/Conversion-{ǘŜǇΣέ L999 W{{/Σ ±ƻƭΦ пуΣ bƻΦ мнΣ нлмоΦ

tΦ IŀǊǇŜΣ Ŝǘ ŀƭΦΣ ά! оƴ² {ƛƎƴŀƭ !Ŏǉǳƛǎƛǘƛƻƴ L/ LƴǘŜƎǊŀǘƛƴƎ ŀƴ !ƳǇƭƛŦƛŜǊ 
with 2.1 NEF and a 1.5fJ/conversion-ǎǘŜǇ !5/Σέ L999 L{{//Σ нлмрΦ



Linearity improvement ςCapacitor design (4)

ÅDelta-length capacitors: smaller Cu,eff, compact, 
#elements is linear in N rather than 2N
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Cx + CD Cx - CD

Differential step 2Vx:
Ceff = 2CD

+Vx -Vx

tΦ IŀǊǇŜΣ ά! /ƻƳǇŀŎǘ млō {!w !5/ ǿƛǘƘ ¦ƴƛǘ-Length Capacitors 
ŀƴŘ ŀ tŀǎǎƛǾŜ CLw CƛƭǘŜǊΣέ L999 W{{/Σ ±ƻƭΦ рпΣ bƻΦ оΣ нлмфΦ



Linearity improvement ςCapacitor design (5)

ÅDesign example: 10b SAR ADC in 65nm CMOS
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tΦ IŀǊǇŜΣ ά! /ƻƳǇŀŎǘ млō {!w !5/ ǿƛǘƘ ¦ƴƛǘ-Length Capacitors 
ŀƴŘ ŀ tŀǎǎƛǾŜ CLw CƛƭǘŜǊΣέ L999 W{{/Σ ±ƻƭΦ рпΣ bƻΦ оΣ нлмфΦ



Linearity improvement ςCapacitor design (6)

ÅDesign example: 10b SAR ADC in 65nm CMOS

ïCu = 125aF, ADC size 36 x 36 mm

ïSmall area, low power, good matching
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tΦ IŀǊǇŜΣ ά! /ƻƳǇŀŎǘ млō {!w !5/ ǿƛǘƘ ¦ƴƛǘ-Length Capacitors 
ŀƴŘ ŀ tŀǎǎƛǾŜ CLw CƛƭǘŜǊΣέ L999 W{{/Σ ±ƻƭΦ рпΣ bƻΦ оΣ нлмфΦ

Note: [9],[14-16] can be found in the paper below



Linearity improvement ςCalibration

ÅAim: rather than minimizing eΩǎ ŀ-priori, apply calibration 
afterwards to match analog and digital weights:

ïStep 1: acquire info about eΩǎ ŀŦǘŜǊ ǇǊƻŘǳŎǘƛƻƴ

ïStep 2: correct weights so analog matches digital
ÅAnalog correction: tune eΩǎ ǘƻǿŀǊŘǎ ȊŜǊƻ

ÅDigital correction: tune digital weights towards eΩǎ

ïDigital correction usually consumes more (high-res ADDers)

ïAnalog correction is usually efficient (trim capacitors)
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LSB MSB

Digital weight 1 2 4 8

Analog weight 1+e1 2+e2 4+e4 8+e8



Linearity improvement ςCalibration (1)
ÅExample: 13b SAR ADC with background calibration:
ïDigital detection

ÅMismatch shows at major 
code transitions in INL/DNL

Å If code Boccurs, the ADC switches to A-1

ÅExtra comparison reveals sign of D

ÅCapacitor can be tuned towards zero error

ïAnalog correction
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aΦ 5ƛƴƎΣ Ŝǘ ŀƭΦ ά! пс˃² моō сΦпa{κǎ {!w !5/ ²ƛǘƘ .ŀŎƪƎǊƻǳƴŘ 
aƛǎƳŀǘŎƘ ŀƴŘ hŦŦǎŜǘ /ŀƭƛōǊŀǘƛƻƴΣέ L999 W{{/Σ ±ƻƭΦ рнΣ bƻΦ нΣ нлмтΦ

1024 LSB2 0.5 0.25



Linearity improvement ςCalibration (2)
Å Implemented in 40nm CMOS. Power and area overhead is low
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aΦ 5ƛƴƎΣ Ŝǘ ŀƭΦ ά! пс˃² моō сΦпa{κǎ {!w !5/ ²ƛǘƘ .ŀŎƪƎǊƻǳƴŘ 
aƛǎƳŀǘŎƘ ŀƴŘ hŦŦǎŜǘ /ŀƭƛōǊŀǘƛƻƴΣέ L999 W{{/Σ ±ƻƭΦ рнΣ bƻΦ нΣ нлмтΦ

Before calibration

After calibration

500mm Ĭ135mm

Calibration logic



Linearity improvement ςMES
ÅNoise shaping ςMismatch Error Shaping
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Y-{ {ƘǳΣ ŀǘ ŀƭΦΣ ά!ƴ hǾŜǊǎŀƳǇƭƛƴƎ {!w !5/ ǿƛǘƘ 5!/ aƛǎƳŀǘŎƘ 9ǊǊƻǊ {ƘŀǇƛƴƎ !ŎƘƛŜǾƛƴƎ 
млрŘ. {C5w ŀƴŘ млмŘ. {b5w ƻǾŜǊ мƪIȊ .² ƛƴ ррƴƳ /ah{Σέ L999 L{{// нлмсΦ

e

Timee

High-pass filter: 1 ςz-1

Normal SAR @ sampling phase

0 0 0

- DAC reset to mid-scale
- No memory from prev. sample

MES SAR @ sampling phase

1 0 1

- DAC remains at previous code

MES SAR: DAC reset

0 0 0

- DAC reset to mid-scale
- previous code (and e) subtracted
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Power & Area-efficient sensors

ÅPower gated bridge & ADC
ï2.18pJ/sensor reading

ïPower scaling vs speed

ÅArea-efficient ADC

ï36 x 46 mm in 65nm CMOS
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YΦ tŜƭȊŜǊǎΣ Ŝǘ ŀƭΦΣ ά! нΦму-pJ/conversion, 1656-˃Ƴ2 Temperature Sensor With a 0.61-

pJ·K2 FoMand 52-pW Stand-.ȅ tƻǿŜǊΣέ L999 {{/[Σ ±ƻƭΦ оΣ нлнлΦ


