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The Successive Approximation ADC
« The Return»

Moot Low Minimum :
Resolution Reconfigurable

- Emerging new Applications
= MEMS Sensor Interface:
Resolution: 7-8 bits, BW=50kHz [Scott 2003]

= Multi-standards RF receiver
Resolution: 8 bits, BW = 20 MHz [Montaudon 2008]

o Ultra Wide Band (wireless UWB):
Resolution: 5-6 bits, BW=300MHz [Chen 2006]
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Objectives

m]

Develop a systematic design method for successive approximation ADC
from system to layout level .

= Develop a general simulation environment with different levels of
abstraction and programmed performance analysis.

= Emphasis on analog design automation and reuse techniques:
+ Automatic sizing
- Layout generation

= Optimizing Layout for best matching



Principle of Operation
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Single Ended SAR-ADC.
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Inversion Mode




Charge redistribution mode (MSB)




Charge redistribution mode (MSB-1)
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Mode Redistribution de la charge (MSB-2)
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Mode Redistribution de la charge (LSB)
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Problem

Selecting V .- =V, To Increase the dynamic range

Leakage when using

v normal PMOS switch.
dd
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Possible Solution: Switched charge-pump [scotto3] or Bootstrap [dessoukyo1]
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Possible solutions - Leakage
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Possible solutions - Reliability
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Possible solutions - Circuitry
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Differential SAR-ADC
A
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Differential SAR-ADC
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Operation - Summary

Single Ended Double reference Differential Triple reference

2 times the numbers of capacitors
6 times the numbers of switches

Special Switch No need for special switch
(charge-pump - bootstrap)

Differential architectures advantages :
- Suppressing even harmonics
-Common mode rejection

-Offset removal

Lower power consumption Better performance at high frequencies
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Design - Architecture
| |

Clock
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Capacitor array design issues - Noise

KT

1- Thermal noise [

], due to Sampling

C.. Increases, thermal noise decreases
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Capacitor array design issues - Mismatch

2 — Capacitor Mismatch (Introduced in fabr ication)
- Affects Generated comparison levels of the capacitve DAC

8(C +AC) ;,ﬁvﬂ

Vdd ° ” 2

C... Increases, mismatch effect decreases
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Capacitor array design issues - fSampnng

. RSWitch
3- Sampling Frequency Vin ANAA
CTOT =16C
Clock | [ U= RSwitchCTotal
sample Js
Vdd
TCIock "
Coampling = - >>7  Foran accurate sampling

C,.. decreases, bandwidth increases
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Switches N —'—>|
1) Switch lecti
woswsmonvomive Ly I T

* PMOS to switch Vadd
« CMOS to switch Vin
 Bootstrap to force deep off-state of critical switches

2) Sizing switches (compromise)

* Increasing W/L reduces Rswitch and so 7, on the account of
Increasing switch parasitcs.

* In the used DAC, this will be of minor importance if operating in
low frequency because the switches are all connected to the
bottom plates
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Design - Architecture Clack
| { !
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Switches ngt;()l
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Sample invert




Comparator Circuit

Reset to Vdd <€

Cuts the current path
in the RESET phase

<7
Input Signal

Latch
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Comparator - Operation phases
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Comparator - Design tradeoff

@g input pair and lath
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Design - Architecture Clack
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SAR algorithm - Implementation

LFSR: Linear Feedback Shift Register

a8a7a6a5a41ooag

a8 |ay|ab|a5|a4 a3 | 1 | 0 |g2

cik  RoT
: D SET Q D SET Q D SET Q e D SET Q D SET Q DAC Outputs C
=> > 5> ololoflo|l]o|lo|o]|]o|o]|X
GLRE— CLRE- CLRa-
RST ] T 1 |1|o|lo|]o|o|lo]|]oOo|oO]|a8
COMP 2 |a8| 10| 0|O0]|O0|O]|O]|ga7
3 |a8|laz| 1|00 |0 O]|O]ab
o A o Q 4 |a8|a7|a6| 1 | 0|0 | O] O|g5
5 a8|ay|ab|la5| 1 |OoO | O] O a4
v D? v D6 v D5 "DO 6
7
8

a8 |ay|ab|a5|a4|a3|a2| 1 |71




=

Systematic design for SA-ADC

Resolution — BW — Power - Techno

Comparator specs System architecture

Settling, resolution, kickback.... DAC topo}ogy,
SAR algorithm,

Sampling technique

Non idealities and noise Clock frequency

Thermal noise, mismatch, ...

Switches Select number of
Sizing stages
@ @ > suing procedure__
) ” l 0 NO N O
Yes

Check Specs
Y
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Case Study

- Case Study
= Differential Architecture
Resolution: 8bit
BW: 50 KHz
° Fock: IMHZ
Technology: 0.13u ST, MIM Capacitors

m]

a

a

- Verification
= VHDL AMS used for verification with simulation
= Different levels of abstraction (Behavioral , gates, transistor, ...)
= Mixed blocs simulation (Analog / Digital)



Multiple abstractions

Macro Transistor VHDL

Macro Macro model
model TranS|stor model
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Verification Environment

Abstraction level .
Ideal, mismatched, techno, ... Type of analysis
Resolution —BD

Component sizes

Verification Environment presets
DAC topology,

SAR algorithm,
Sampling technique

Sketch output Sketch Transien>
spectrum response at each node
Sketch INL and
@culate SNDR DNL >
Sketch SNDR v.s. Sketch SNDR v.s.
fin Ain
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Transiant - Single Ended - Output

Transistor level simulations
Vd d 1. 2V 1'37_ I Sz?an_succ_

Fin 1.4KHz
Fclk 1MHz

Vinp-p 1.2V

Woltage (V)
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Transiant - Differential - Output

Transistor level simulations

vVdd 1.2V
Fin 1.4KHz
Fclk 1MHz

Vinp-p 1.2V




e

Transiant - Differential - DACs

Differential DACs output
Transistor level simulations

vdd 1.2V Mt
Fin 1.4KHz :

Fclk 1MHz

Vinpp 1.2V

| | [ [ | | [ [ | |
20000 40,00 Go.0u G0.00 1a0.0u 120,00 140,00 160.0U 180.0u 200,00 220.0U 240.0U
Tirre ()
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Transiant - Differential - Comparator

Full conversion: Differential DACs output — Comparator output

Transistor level simulations

Fin 1.4KHz -

Fclk IMHz L

Vinp-p 1.2V

Yaoltage (W)

—
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-
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—
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Transient - SAR control

Control block turning ON and OFF DAC switches [case of O input]
vdd 1.2V VHDL Description

tall_succ_approxd:clock

1 rall_succ_approxd:start
. @ 13 = Wirall_succ_approxd:ttindlr)
Fin 1.4KHz 3 % /
= _8:? T T T T T T T T T T T T
@ 1.3 Wirall_succ_approxd:ttind2r)
Fclk 1IMHz & %
= _B? T T T T T T T T T T T T
N @ 1.3 _= Wirall_succ_approxd:ttinddr)
Vinpp 1.2V ¢4
- T T T T T T T T T T T T
o 13 0 v(:all_succ_approx4:ttin0sr)
% D.?%
= _B? T T T T T T T T T T T T
@ 13 = Wirall_succ_approxd:ttinler)
% D.?%
= -B1 T T T T T T T T T T T T
@ 13 = Wirall_succ_approxd:ttin32rl
% D.?%
= _8:? T T T T T T T T T T T T
@ 1.3 = Wirall_succ_approxd:ttingdr)
= 0.7%
= _B:? T T T T T T T T T T T T

ltage

1.3 = Wirall_succ_approxd:ttinl28r)
D.?%
_B? T T T T T T T T T T T T

B o B B I o e NS L o B e o I
521l.0u gzz2.0u 523.00 5z24.0U 525.0U 52600 527.0U 5z28.0u 529.0U 530.0U 531.00 53z2.00 533.00 534.00
Tirme (3)




Transient - Full Scale Ramp

Full Scale Slow ramp excitation Zoom -in
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Static Performance - Transistor Level

Static performance Evaluation in (LSB): DNL and INL [16 sample / bin]
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Dynamic Performance - ldeal Models

vdd 1.2V 0

ldeal models simulation ... .- scue

Fin 1.4KHz AR R A R
_2|:| ....... .,,E ...... .H .-,:, ...... ..__

Fclk 1MHz SRR B (NI R
ok ....... ..... ______ _

Vinp-p 1.2V

-B0
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Dynamic Performang:mgm— Mixed Modemlogm

vdd 1.2V

Fin 1.4KHz
Fclk 1MHz

Vinp-p 1.2V

4096 point FFT




ARz

Dynamic Performance - Transistor Level

Transistor level simulations
vVdd 1.2V : L L I

Fin 1.4KHz
Fclk 1MHz

1024 point FFT

Power Specral Density (dB)

o SNDR:462dB

Frequency (Hz)
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Dynamic Performance

- SMDR
vVdd 1.2V il Transistor level simulations ;
Fin 1.4KHz s} SNDR max -
Fclk 1MHz ldeal =47.47 dB

*I' Transistor Level = 46.2
30 -
25 F
4096 point FFT 20 |
15+

10

— = jdeal
—H&— transistor level | ]

o
I

-30 -25 -20 -15 -10 -5 0

Amplitude of input signal(dB)

U '

Signal to noise and distortion ratio SNDR(dB)
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Dynamic Performance

Transistor level simulations

o
o

Vd d 1.2V —HB— transistor level
— % jdleal
Fclk 1MHz
Vin pp 1.2V

n
]
I
|

4096 point FFT

I
o
T
|

BW =55 KIHz

AN

4

I
[}

Signal to noise and distortion ratio SNDR(dB)

" Frequency of input signal (Hz)
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Mismatch analysis

]

SMDF = 46 354506
R R

=]

SNDR = 44.1350dB
T IR R RN

vdd 1.2V

o
=1

N
o
'
N
=]
T

Fin 1.4KHz

Fclk 1MHz

_30_.....5,. _30_.....5,.

POANER SPECTRAL DEMEBITY (4B
o
{==]
POHER SPTCTRAL DEMBITY (48
o
=

Vlnp-p 12V -100

-100

2 3 + 2 H + 5
10 10 10 0 10 10 1a 10 10 o
FREGILEMCY (Hz) FREQUEMCY (Hz}

4096 point FFT

C'y Variance o [deal
0.01 | 0.02 | 0.05 0.1 0.2
10fF || 47.36 | 46.40 | 43.22 | 39.10 | 35.6 | 47.44
20fF || 47.2 | 47.09 | 44.99 | 42.08 | 35.77 || 47.44
30fF || 43.89 | 44.6 | 40.19 | 39.02 | 32.7 || 47.44
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Layout generation for SA-ADC

Design phase
Number o
sizes
Desired layout Unit
shape capacitance
C

ommon centroid
lacement algorithm

Layout template s
-Component connectivity
-Relative place and route
CAIRO Layout generation Target technology

Comparator
transistor sizes

<Parasitics ED

—@ Fabrication




Layout - Comparator - Floorpl

LIRS




Layout - Comparator - Generated

22,0850 __

20+

a9, 0450
1 J

Dummies Removed for Layout verification
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Layout - Differential DACs - Floorplan

Common centroid placement for 16 capacitor

how many capacitors? 16

routing? 1

enter values

111122 448816 16 32 32 64 64

use rectangles?(l=yes)1

enter unit capacitor side length:

1

enter Tength:

16

sum:256

16 16 15 15 15 15 16 11 11 16 15 15 15 15 16 16
16 16 16 16 11 14 13 12 12 13 14 11 16 16 16 16
15 16 14 15 16 15 13 16 16 13 15 16 15 14 16 15
15 16 15 1z 14 15 13 16 16 13 15 14 12 15 16 15
15 11 16 14 14 15 14 13 13 14 15 14 14 16 11 15
15 14 15 15 15 9 10 12 1z 9 10 15 15 15 14 15
16 13 13 13 14 10 ] 5 6 ] g 14 13 13 13 16
11 1z 16 16 13 9 7 2 3 7 10 13 16 16 1z 11
11 12 16 16 13 10 7 4 1 7 9 13 16 16 12 11
16 13 13 13 14 9 a i 5 a 10 14 13 13 13 16
15 14 15 15 15 10 9 12 1z 10 9 15 15 15 14 15
15 11 16 14 14 15 14 13 13 14 15 14 14 16 11 15
15 16 15 12 14 15 13 16 16 13 15 14 12 15 16 15
15 16 14 15 16 15 13 16 16 13 15 16 15 14 16 15
16 16 16 16 11 14 13 12 12 13 14 11 16 16 16 16
16 16 15 15 15 15 16 11 11 16 15 15 15 15 16 16
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Layout - Differential DACs - Generated
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Layout - Differential DACs - Manual
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Performance
[Hongo7] This work* [scotto3]

Technology 0.18 um 0.13 um 0.25 um
Supply 0.83V 1.2V 1.0V
Input range Rail to Rail Rail to Rail Rail to Rail
Sampling rate 111 KHz 111 KHz 100 KHz
Unit Cap. 24 fF 30fF 12f
Power (Analog) 1.16 uW 0.72uW 2.2 uW
Area 0.062 mmz2 0.122 mm2 0.053 mm2
SNDR@BW 47.40 dB 46.2dB 43.8 dB
Architecture Single Ended Differential = Single Ended
FOM 65 fJ /bit 641J /bit 2163 fJ /bit
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Summary and Conclusion

O

Systematic design methodology for SA-ADC from
system to layout.

General simulation environment

= Different abstraction levels.

= Different verification tests.
Emphasis on analog design automation and reuse
Optimizing Layout for best component matching
Verification with case study for WSN specs

u]

O

u]

m}
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Perspectives

= Targeting high frequency specs (>500 Msample/S)
- Redundant system error correction code [Kuttner02]
- Digital calibration [Promitzer0Q1]
- Asynchronous operation [Chen06]
- Time interleaving [Chen06]

s Full Automation
- Sizing procedure with layout parasitics awareness
- Layout generation for the full ADC
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