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ADC Families

Classification based on architecture approach: Flash High speed
Sub-ranging
Analog Digital
signal signal Parallel Interleaved
Azn ADC —#—>» dout P|pe||ne
/ Algorithmic SAR
voltage/current f code
amplitude ’ -
mpity Digital Integrating
timebase P
Predictive Delta-Sigma
Distinctive characteristics: -.-and many High dynamic
I range
Feedforward vs feedback control more: 8
Single vs multiple stages
Amplitude vs time domains Typically mixed solutions...
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ADC Evolution

Pp
Frogq - 2ENOB

FOMy =

FOMyy ~ 5uJ/conv-step

Fruq

FOMgs = SNDRumaz + 101og
2Pp

FOMS ~ 85dB

EPSCO DATRAC, B.M. Gordon, 1953
11bit 50kSps 500w SAR ADC
0.5m x 0.4m x 0.65m, 70kg

Vacuum tube technology

7' W. Kester
Analog-Digital Conversion
analog.com
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ADC Evolution 1 B. Murmann

ADC Performance Survey 1997-2022
github.com/bmurmann/ADC-survey
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FOMw = lJ)ENOB X X o
fnyq $2 XX x X =
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FOMyy ~ 5uJ/conv-step X—H s Bxx X X
10¢ X BT Ly i K, <B Ry
= e Z
£ o — X
g 103 + D, Xy X R
FOMg = SND Jowg = o X
S = R, + 101og F o s + + g -
D 10 =:l=] - |
FOMg ~ 85dB ;0+ % T50%0 X AEM :
° 10t o e ’ O SAR E
; O f = + Flash g
5 R ) &2 oo #  Pipeline i
10 = oy s O Other h
EPSCO DATRAC, B.M. Gordon, 1953 0 P ---- FOMs = 187dB
11bit 50kSps 500W SAR ADC 70 years 10! —< e
! PS 20 30 40 50 60 70 80 90 100 110 120
0.5m x 0.4m x 0.65m, 70kg 1100dB! SNDIpas [dB]
Vacuum tube technology . .
W, Kester e.g. 500uW (+10°) and 500MSps (x10%) _
Analog-Digital Conversion Solid-state technology 11bit
analog.com
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ADC Evolution

Performance enhancement:

Architecture strategy
Circuit design

Integration technology

Still room for further improvement?

SNRpax = (

Class

Vis/2v2)% fs v .
KT/CS fnyq m ADC —F—>° out
Prin = CsVrsfs Vbp
. s

Ipp

2
Prinlves=vpp =~ CsfsVig

Pmin

Emin =
fryaq

UAB

Considering power delivered by
the signal source only:

¢\
J

V;n = VFS’
=8KT SNR,qz °

/C—L

!

Ipp

Integrated Heterogeneous Systems Design

Flash Pipeline

Pa/ foyq [PJ]

SAR

Time-Domain

Integ Delta-Sigma

B. Murmann
ADC Performance Survey 1997-2022
github.com/bmurmann/ADC-survey

107%
105;
104é
102é
10"

100 3

XX

1071
2

0

F. Serra Graells

100 110

80
SNDR oy [dB]

90 120



https://github.com/bmurmann/ADC-survey

ADC Architectures and CMOS Circuits

ADC Classification

Flash Converters
Sub-Ranging, Time-Interleaving and Pipelining
Successive-Approximation Converters
Integrating Techniques
Delta-Sigma Modulation

Time-Domain Converters

Integrated Heterogeneous Systems Design = F. Serra Graells



ADC Architectures and CMOS Circuits Class Flash Pipeline SAR Integ Delta-Sigma Time-Domain

Basic Flash Architecture
V;ln ADC > dout
BU||d|ng b'OCkS: | atched
Threshold comparator ~ thermometer fs
generator array code
ST \ S N )
' Vrs =Vpp | |
% - Vinr T tr natural
| § i : | binary
| ; | 2 | code
- — L/
| § Vink | > Ltk Digital out
| ; : | encoder | 3
i § i ' T :
0 — 5
S T B V7VUD S
% ______ ’ N T\ -/
Vin e i X (2ENOB _ 1)

e.g. single-ended 3-bit flash ADC
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Basic Flash Architecture
V;ln ADC ﬁ%°dout
Building blocks: L atched
Threshold comparator ~ thermometer fs
generator array code
T T S
A 1 clock cycle  Es PP
conversion time % ' Vi > t7 natural
V¥ Area and power | § | — b'"zry
scaling by 2ENOB i § | | | C}) ©
| . — :
| T | | « . d
' ' | | : ot Digital out
v ’Ic)eljc\(;zcllggydue to § Vi —, i i encgoder 4 Combinational-only logic:
mismatching i § i . T : tr tg ts ta tz to t1 | dour<<2:0>
. = S 0 0 0 0 0 0 0] 000
i § : | i ; O 0 0 0 0 0 1 001
g Vi e |~ 00 0 0 0 1 1[ 00
; % | | | - 0 0 0 0 1 1 1 011
: | : ; 0 0 0 1 1 1 1 100
-------------------- T\ S 0 0 1 1 1 1 1] 101
Vin © i x(2ENOB _y) 0 1 1 1 1 1 1| 110
1 1 1 1 1 1 1 111

e.g. single-ended 3-bit flash ADC
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Latched Comparator Design

Compact CMOS circuit:
1/fs T T
dock| L oy M w W /0
Non-overlapped 2 _I_LL £, o< L Do 7,
clock phases ¢, “lj

¢\, /b2
{ H closed Vm»—{ M1 M2 }_"Vthk

L open

Gz =
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Latched Comparator Design

Compact CMOS circuit:

1/fs i :
ol |__ b1 T ME] X D(lf'\r/"‘ T’qsl A High-speed operation
Non-overlapped ¢! m £, —o<—] L Do 7). V¥V Each comparator crosses
clock phases ¢, 1] [ o\ °/ b at different threshold V.,

{ H closed Vi, D_{ M1 M2 }—f’Vthk V¥ Threshold voltage offset?
¢ac =

/\

Pre-charging phase Decision phase

[sde] @wﬁw N

L open

0o} speed-up comparison
Symmetrical loading
Vin °—{ M1 M2 }—QVthk Vin °—{ |V|1 M2 }_"Vthkz
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Comparator Optimization

s v single-ended
} %ersion
By attaching an array of clockl_ 4 %2
switched-capacitor (SC) level shifters: b1 i

2 L_l— Vin o—o%—{l}%k _J_

H closed +
st = V;"ef

L open signal baseline

°
C1k

C2k

°

C2k

J_ J_ 2
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SAR Time-Domain

Comparator Optimization

By attaching an array of
switched-capacitor (SC) level shifters:

Clkz . C2k
tp = ——— Vin =V, — —(Vpp =V,
F= o oo sign [( f / ref) Clk( DD/ ref)
effective effective
signal k-threshold

A All comparators latch
at the same level (V)

A Single comparator design

A Low quiescent power
(resistor-less thresholds)

V¥V Capacitor area overhead

V¥ Input capacitance increased

UAB

Integrated Heterogeneous Systems Design

Flash Pipeline

Integ Delta-Sigma

single-ended
version

bs §| il i y ¢ Clk ~
¢2;
7

ot J_ t
H closed l ! *
¢$: V;'ef
L open signal baseline
c1k T © _C|1k C2k
Ve o] h o
m ||
T T >
[ y .
eref V:ef
Clk C2k‘

ty = sign [Vref — (Vref + (Vier = Vin) + m(VDD - Vref))]

Cir + Caop
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Comparator Optimization

By attaching an array of
switched-capacitor (SC) level shifters:

1/fs

clock I__
) !

¢ [

P2 u Vi °_°¢1 C1|ka
b2

Class Flash Pipeline SAR Integ Delta-Sigma Time-Domain

JL
T

C2kp

fully-differential
version

o

| b

H closed Vrer
L open o Clkn | Corn
v@ef — _75_'

V¥ Area and power overheads (x2)

V¥V Higher symmetry requirements

UAB

¢1\I b2
Wef

V;"ef =

A Interference rejection

A Full-scale extension (+6dB)
A SNR enhancement (+3dB)

A Distortion cancellation
(even harmonics)

Vbp
Vbp

2
‘/inp
0

‘/;'nd = V;np - an

—Vbp _
Time
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Comparators Offset

dmaw e A
MOSFET Vi, mismatching effects: o
. |
1 s’ |
oL A T : =
1 | 1 R
L- : —{ 5 | Viss y i
é2\, [ 0> (Voyr) = 0> (AVra 2) +( I ) o (AVrrs ) . |
! 9mg1,2 L7 :
Vin ML L M2 v CMOS . ~ :
O_{ : }_Q thi technology L’ |
AVTH/ 11 |
= 0 (Vosf) = o(AVrg 2) = — il g .
’ V(IWL)12 0 |
0 Vin Vs
(7)..>(7)
L)ie™ \L)/g4 Pelgrom's Law DNL
+VL2.S‘B o
V¥ Distortion due to DNL .. Area & ;
D?:ﬁg\e' power 07— > dou
V¥ Transistor scaling impacts Visn
input capacitance o T
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Comparators Offset

Thermometer code bubbles! V¥ Error propagation depends on enconding logic implementation:
o - T
Bubble o
B i o 1 00 l7 }
I ' e 0 — 00t o_-_|>c d 2
| | S S S ° <z> 10
- : e 1 — 11 tse DO out
Latched . | ey Digital dous? d 1
comparator | 7 5 y::"’ thie+l 2N eml:golzlaer PN 10ty —DD_° out<1> 0 1
array | ——V 3
V) : e — 11 tge o p }d0“t<0> 11
P | 1 — T e ) e
o\ | \ \ ) e.g. 7-to-3 NAND encoder
A Gaussian
o(Vors) = VTH probability
(WL)12 distribution
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Comparators Offset

Thermometer code bubbles! Digitally-assisted co-design:
l,/ __________ —\\l
e i R
: ! Bubble tr o by
I ° T
I S 0 — :
] | o 5 0

Latched | | oy ' 4 Beurl?cl?l!e b Digital ot
| o | ] thk+1 k 1 k LS
corr;?gr}?tor P i _} . 0 — > correction encoder | 3

A ) : :j::u::i:f e 1 — (BEC) 1
B B R 1
' 1T :j::u:::::' 1 % 1 by
| | ? )
N ’ *

o(Vogy) = 2t

(WL)12
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Comparators Offset

Thermometer code bubbles! Digitally-assisted co-design:
O ™ T
e N Analog: (WL) large enough
T Bubble 0 tr 0 br to limit bubble distance to
i i — 0 1 thermometer code
E 17 i 0o —
o i e s Bubble [0

Latched . > | ] Virion 1 ; error b Digital dout Digital: compact combinational logic
comparator i 17 E ’ " 0 L correction L i encoder 3 5 for BEC at each thermometer code
arra ! ! — =V,

SR N Ve ] (BEQ) |
o | — 1 te—1  tk  Tr+1 | bk
C Y : > 1 —
| : - . L b o X X 0
B E < 1 1 X 0 tx
| | ] - 1 X 1 1
o\ / \ )

Ayrh
o(Vors) = —rmr _ _ _
(WL A Important area and input capacitance savings
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Comparators Offset

More on digitally assisted analog design: an stochastic flash ADC

Digital p

H out

inverse
Gaussian | ¢
integral

e.g. 63
comparators

Digital full-adders

S. Weaver, B. Hershberg and Un-Ku Moon

Digitally Synthesized Stochastic Flash ADC Using Only Standard Digital Cells

IEEE Transactions on Circuits and Systems |, 61(1):84-91, Jan 2014
doi.org/10.1109/TCSI.2013.2268571

UAB
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Comparators Offset

More on digitally assisted analog design: an stochastic flash ADC

Ayrh
P W
‘/in°
Viere A Almost all digital
> > > [T > [ TS T >— T
A Compact area (minimum-size
transistors in comparators)
Digital . ¥ Non-linearity compensation
inverse out
Gaussian | § ¥ Power consumption
integral
4
e.g. 63 .
comparators Digital full-adders

S. Weaver, B. Hershberg and Un-Ku Moon

Digitally Synthesized Stochastic Flash ADC Using Only Standard Digital Cells

IEEE Transactions on Circuits and Systems |, 61(1):84-91, Jan 2014 0
doi.org/lO.llOQ/TCSl.2013.2268571

UAB

‘/z' - ‘/ref
o(Vory)
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Sub-Range Flash ADC Vin ADC | dous

Bmldmg blocks: stage f

ENOB/2
bit

Flash

fs ADC
ENOB/2 ENOB/2
bit bit
Coarse Y\ MSB LSB Y+
stage
Encoder ———>0 doyt

Two-step coarse-fine data conversion scheme

ENOB splitting can be chosen asymmetric
depending on circuits...

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Sub-Range Flash ADC

Building blocks:

ENOB/2
bit

Flash
fs AIaDSC
ENOB/2
bit
Coarse
stage

ENOB/2
bit

~ MSB LSB Y

7

Encoder

>0 dout

Two-step coarse-fine data conversion scheme

ENOB splitting can be chosen asymmetric

depending on circuits...

UAB

Vvin ADC —F—>° dout

[s

V Speed reduction (x2)

V¥ Non-linearity caused by mismatching between
coarse ADC-DAC and between coarse-fine ADC

A Better ENOB scaling of comparators
and passive components!

e.g. Number of comparators for 8-bit flash ADC:
single-stage x (2FNOB _ 1) =255 o 2FNOB ) Lo ENQE

two-stage XQ(QM ~1)=30 o ENQE 1

Integrated Heterogeneous Systems Design = F. Serra Graells
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Sub-Range Flash ADC RV
! - H closed
| coarse i fine L Oa =
Ci it imol . Fine i ' ’ L open
ircuit implementation: stage clock | ,
Viine/ b | i to coarse single-ended
Vin —{ S/H |+ e — Zlgsg ] ' ' I_Ll ' flash ADC version
¢ C
ENOB/2
| el S
Flash Flash '
s ADC DAC ?
ENOB/2 ENOB/2 I
bit bit H
o C
Coarse T MSB LSB Vip o0 | /1 - Viine
Stage o2 T T¢1 —o0
Encoder 0 doyt signal_—Vrer * to fine
baseline o/ flash ADC
dysB —° [
from coarse Zz
V¥ Non-linearity cuased by non-unitary gain flash ADC R Voo — v
in MSB substraction s ' Fs ="DD
2

A Compact SC implementation
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Time-Interleaved Flash ADC

i single-ended
sampling version
-+ auto-zero T

Two-step CMOS comparator:

C1
|
|

Vin
o =

A Offset insensitive!
& Voias

1/‘fs T M1 A Compact area
clock I?i, 1 ’—o( M2 17
1 |

!
_IZ

nE | C1 V¥ Poor power supply
j L_l— y :]—{' | ° 1y substraction T rejection ratio (PSRR)
2 | i thik —°

N— 1 _I_{ |
[
Vin ! Vthk:

+ quantization

] ot
]

E|_
Q
[ 4
S

¢1
o / M1
:|_ A%ias — V;fhk - V;n 17
" Fz{
- I —| ° g1
Vink—1—° J
®2
H closed
(ba: - { / 17
L open | analog

inverter-based
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Time-Interleaved Flash ADC

Counter-phase two-step CMOS comparator:

1/fs
cIockl_
o1 JSQ;
% Qi[5!

in

Vink ©

H closed
(ba: -

L open

UAB

Class

tk

b1

Flash Pipeline SAR Integ Delta-Sigma Time-Domain

V¥ Higher jitter sensitivity A Higher speed (x2)
(both clock edges)

M2A M2A
C1A
| |
M1A M1A

in

—o tg —o t,
Vink Vink ©
] ]
’—C{ M2B ’—C{ M2B
| | | |
C1B \_{ J C1B \_{ J
M1B M1B
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Time-Interleaved Flash ADC

Extending the same idea to multiple time-interleaving;:

1/fs e.g. N=4
— , A Overall equivalent
N Flash PN high-speed conversion
$24 \\7/
A ';\'E)Sg y A Each flash ADC operates
da \j at low-speed (1/N)
AN Flash ,
N1l
:MA Flash ,
“\ADC [~
Vip 0—¢ ———F—>° dout

o \\3558 # V Large area (xN)
:MB Flash , .
; _{ H  closed “\ADC [~ V¥ High latency (xN)
L open T ¥ Complex synchronization

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




ADC Architectures and CMOS Circuits Class Flash Pipeline SAR Integ Delta-Sigma Time-Domain

Pipeline ADC

Combination of cascaded sub-ranging and time-interleaving:

1/ fs
clock o |_|_|_|—

stage 1 |dpald,B e

Vin =) Stage 1 |~ Stage 2 |- —|>tage M stage 2 dga|dgB| - -
g dp Y. p-bit dg} 9-bit d,\ r-bit stage M < |draldrB

1 Time Alignment  d, 1A doutB
| MSB  Time Alignment LSB > oyt

__________________________________________________

Vin ——{ S/H Vot Sub-converter functions:
| \\ same Sampling and hold (S/H)
| i/o
! Qgsg full-/scale Sub-range quantization
i p-bit . . .
/:_/_ ______________________________________________ Residue computation and scaling
Sub-converter  fs dy

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Pipeline ADC

Combination of cascaded sub-ranging and time-interleaving:

1/fs
9—p 92—4 clock T |_|_|_|_

stage 1 |dpald,B e

Vin — Stage 1 (— Stage 2 |-~ —s Stage M ctage 2 7 taem B
dp Y} p-bit dg Y g-bit d, Y r-bit stage M < |draldrB

1 Time Alignment  d, 1A doutB
| MSB  Time Alignment LSB > oyt

A Simpler flash sub-ADCs

__________________________________________________

A Performance depends on

V¥ High latency (xM)

/ © Sz

d _
Sub-converter  /: ’ SN Req = 2-20 N| + 2-2(0+0) Ny + - - - + 2=2p+a++7) Ny,

Vin === S/H  Vout first-stage only
: \\ >ame A No speed reduction
: Flash Flash I/O
i ADC DAC full-scale

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Pipeline ADC

Simple 1-bit stage case study:

Vin = Stage 1 |

Stage 2

dyvsB dysB—1

Class Flash

Stage M

drsB

Time Alignment

SC implementation of each stage:

single-ended

version

] ]
[} I
] ]
] ]
I [}
] ]
] ]
] ]
[} I
] ]
: Lo
| & CIS $2 /1
]

Vin o= ° | - !
: o :
| + |
: D @& dip2 dr¢s :
] ]
i <l I Vier |
] ]
] ]
| Vrs Vrs .

/: Vies Vier + - Vies - i
signal ~ t---mmmmmm oo
baseline f a

UAB

Integrated Heterogeneous Systems Design

SAR Time-Domain

Integ Delta-Sigma

Pipeline

d VFS
Vout =2 (‘/zn - V;"ef + (_1) k 1 +Vref
residue
‘/out
Vs
Vier + = AT
2
T T ‘/zn
v
Vrs vef Vrs
‘/ref - 2 V;'ef + 9
Vrs
ereff 9
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Pipeline ADC

clock I__, H closed
Simple 1-bit stage case study: ori i de=

Vin = Stage 1 | Stage 2 |- —{Stage M

dsss dysp1 drsp sampling + quantization (1)
. . M ;s
Time Alignment >0 d oot I
Cs
SC implementation of each stage: Vip © I I -
%ut
Lo 6 | +
| single-ended < ! dp =1 o v
! A d ! ° d FS
| version c; | Vies Vout = Vip — C’_S <Vref + (_1)dk 5~ Vm)
5 | | !
! ! residue (>0) + scaling
| b1 Cs ¢2/ E o
aan T | ]
: }le _:OVout
| e c
' D @ d o drd2 ! I —
i b5 Vies i oV
: | +
Pl Vs 5 i =1 | v |
signal « t---mm s s oo Vier =5~ Veer

baseline f a.
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Pipeline ADC

Simple 1-bit stage case study:

Vin = Stage 1

Class Flash Pipeline SAR Integ Delta-Sigma Time-Domain

A Simplest flash sub-ADCs

clockl I H closed A Inherently linear

o LT -

—1 Stage 2 |- — Stage M

dyvsB

single-ended
version

single bit quantization

¥ Noise contributions from
stage 2 — multi-bit first stage

dnrsp1 drsn sampling + quantization (1) ¥ Offset sensitivity
_ ) M Cy
Time Alignment >0 d oot I
Cs
SC implementation of each stage: Vin © | -
%ut
L d; . i d — 1 +
o ! ke | C -V
. FS
C ! Vier Vouwr = Vi ——S<V f—l—(—l)dk —V>
IIf i ou 7 Of re 2 wm
. Lo residue (>0) + scaling v
°¢1 ) D 02 / | ICIf Vout =2 (Vm — Vier + (_1)dk ZS> +Vrer
| }le i o Vout a A v d
+ : C, residue
b o di o dio i ' - _
ot ‘/;ef i | —° Vout Cf - CS
Vrs Vrs i

baseline h

UAB
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ADC Classification

Flash Converters

Sub-Ranging, Time-Interleaving and Pipelining
Successive-Approximation Converters

Integrating Techniques

Delta-Sigma Modulation

Time-Domain Converters
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Successive Approximation ADC Vi ADC | dous

Building blocks:

fs
}esidue
Wn N S/H - VT‘BS : dlgltal .
4 T state-machine
1\ _ (algorithm)

; /

Successive Approximation

/Vdac Register (SAR) Nf,
approximation
N
< Flash
DAC >0 dout

N-bit
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Successive Approximation ADC

Building blocks:

I

Is

Vdac

approximation

UAB

}esidue
‘ VT‘BS : dlgltal
x T state-machine

_ (algorithm)

/

Successive Approximation

Register (SAR) N,
\§
Flash
{ bac > dout

N-bit

Integrated Heterogeneous Systems Design

SAR

Integ Delta-Sigma

Time-Domain

ADC —F—>° dout

e

time

F. Serra Graells

time
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Successive Approximation ADC

Building blocks: Symmetrical binary tree search:
}esidue
‘/7-;” o) S/H +_( VT‘BS : dlgltal .
T state-machine
1\ _ (algorithm)
: /
Successive Approximation
/Vdac Register (SAR) N,
approximation
N
Flash
{ DAc > dout
N-bit

‘/in ADC —F—>° dout

e

VEs 1
; Vin
__E Vdac
0 L — _
5 time
dout i
[ds !
[ B ]
MSB time
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Successive Ap
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proximation ADC

Building blocks:

I

Is

Vbac

approximation

UAB

}esidue
‘ ‘@es : cﬁghal
g T state-machine

_ (algorithm)

/

Successive Approximation
Register (SAR) N,

\\ N
< Flash
DAC >0 dout

N-bit

Integrated Heterogeneous Systems Design

Symmetrical binary tree search:

‘/in ADC —F—>° dout

e

Vis
T Vin
.Vdcinc
0+— — ,
5 time
dout i
ds | do
MSB I | | time

F. Serra Graells
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Successive Ap
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proximation ADC

Building blocks:

I

Is

Vbac

approximation

UAB

}esidue
‘ ‘@es : cﬁghal
g T state-machine

_ (algorithm)

/

Successive Approximation
Register (SAR) N,

\\ N
< Flash
DAC >0 dout

N-bit

Integrated Heterogeneous Systems Design

Symmetrical binary tree search:

‘/in ADC —F—>° dout

e

VEs 1
) Vdc:nc I
0 ] ] : .
E . time
dout i i
ds|da|dy
MSB | | time

F. Serra Graells
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Successive Approximation ADC v ADC pse d
Building blocks: ;
residue
L -
Vin — S/H O—res ) digital - e.g. 4-bit SAR ADC
T state-machine
T _ (algorithm)
/ VFS—_ 1/Nfs
§ Successve A N I B
uccessive Approximation ] L é
Viac ' N ] T
y Register (SAR) N, 7 Vade B0 g 1011
approximation J 0
N 1 v
Flash -
@ 7 dout 0 ' ' time
N-bit Aot
ds | dy[dy i do
1 )
MSB LSB time
A Analog minimalist V¥ Speed requirements (xN)
A Very low-power consumption V¥ Performance limited by flash DAC

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Successive Approximation ADC

/NS
Circuit implementation: i i ‘
P cIock| _ l_—|
Vi d i [da H closed
Vin — S/H ) e MSB L | R S E—— by =
drsp 11 i[dods |
e
Successive Approximation
Viac Register (SAR) N,
Vo = 9V, single-ended
\ S = aVref version
Flash
( DA > dout Ve 2
N-bi _
* ®1 1 Cors
\V o—o\c °\° I I +
G I >

Lo le
‘/PN ‘r” o > to SAR

| | ° Vryef
7 d g \
. MSB MSB—1 LSB . signal
e baseline
from SAR
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Successive Approximation ADC

Circuit implementation:

/N

cIockl | | | : l__,
¢1_|_“| e

O o .
Vi oo S/H @ Vies A ) dM,S’B; ;ldMiSB - | I . H closed
] 2 vep Ot L L oper
drsp L [duds
[s
Successive Approximation
Viac Register (SAR) N,
Vo = 9V, single-ended
\ FS = “Vref version
Flash o d
DAC out e
N-bit C
of f
Vno—o—c o\c | | +
o, Lo Lo Lo Lo Lo |57 | T4 —
2_+Z_i:CS 2 4 . > to SAR
i=1
[ ] ‘|[ T g
signal
baseline

UAB

Integrated Heterogeneous Systems Design = F. Serra Graells
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Successive Approximation ADC

/N
Circuit implementation: i E |

P cIock| _ l_—|

af

Vi o S/H @ Vies > dMSB? §|dM§SB ; H closed
dysp_1i |+ i[daisp_ | z =
] 5 e vt L L oper
drsp L [duds
s
Successive Approximation
Viac Register (SAR) Nf,
Voo = 2V single-ended
" RS = &Vref version
Flash
< DAC > dout Vie
N-bit - C”ff
Vip o— o—o +
o, Lo, Lo Lo Lo Le |57 [ T>4—
2_-{-27503 2 4 —SN —‘721\/ \ - to SAR
i=1 °
v v v N |:(_1)dMSB N (_1)dMSB N N (_1)dLSB] v T | T | T | ‘ ° Vref
res o o7 2 4 2N ret JMSB JMSB—1 JLSB \
R , signal
f VSAR baseline
rom
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ADC Architectures and CMOS Circuits

ADC Classification

Flash Converters

Sub-Ranging, Time-Interleaving and Pipelining

Successive-Approximation Converters
Integrating Techniques

Delta-Sigma Modulation

Time-Domain Converters
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Single-Slope ADC ¢x={ 1 closed Vin ADC 0 dyus

Building blocks:

(bif:it fs
Vin —4 S/H et : -
" - d. pulse-width
T enable Digital counter ——e dou modulation (PWM)
A
¢ini
. A T
ﬁ fclk - (2N - 1)fs
R I

—Vier —ANWW-—- Vramp ;|< L/ fs >':
| clock [[[IUMAMAAAAMAAMAAAMAAIL
¢init " :

V. i

t wm = RC ! qspwm

P Vref
N Vin
dout - tpwmfclk: - (2 - 1)fSRCV ; ‘/zn
‘/ref
RC
0 tpium time
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Single-Slope ADC ¢x—{ "1 closed Vi ADC [ dyu

Building blocks:
¢init fs

L

Vin o S/H enable Dig;?csaef counter ﬁN%od ¢ pulse-width
T * modulation (PWM)
FAN
¢ini
fs S T
ﬁ for = 2N = 1) f,
R I
~Vre WA Vramp 11,
. clock ITAMAMAAAAAMARAA AR AT
v ¢init " :
A Analog minimalist tpwm = R(Jvmf Ppwm
A Very low-power
Vin
. N dout = tpwm foar = (2 — 1)stCV Vi
V Speed requirements (x2") ref
‘/ref
V Technological sensitivity (RC) RC
0 tpllum time

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Dual-Slope ADC P B Ve o5 ADC o o
L open
Building blocks: PDinit
O/C f
C S
®12 R 1 Ginit
Vin S/H _°/°_4W\N\I_ V;"amp \T/
reset
T control Dual counter o dou
s ‘/th A
on | |
Voo
et P )
i 1/f, :
clock [N UL
A Analog minimalist ¢'““’t!] ‘
A Very low-power ¢12§ 5
dl ‘/zn
. N dOUt d_ X V. Vin
V¥ Speed requirements (x2") 2 Vref v Vi
ramp M ﬁ
A Technology independence (RC) RC
0 t —ty—>  time

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Integrate-and-Fire ADC P B I ADC |pse ds
L open
Building blocks: ¢z-m-t; Pspike
C Is
o———
v Asynchronous N .
ref reset counter
Pinit pulse-density
modulation (PDM)
, 1/fs
A Intrinsic anti-aliasing filtering %itﬂ
A Current-mode sensors (e.g. imagers) ¢SP““!] " " " 4
A Very low-power , , ,
d ;= 1/f8 _ I; Vint i T
Speed requirements adapted to signal tpam — CVinfs I_Cn ‘f’l
¥V Technology sensitivity (C) Vies ,
0 tplim time
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ADC Architectures and CMOS Circuits Delta-Sigma

ADC Classification
Flash Converters
Sub-Ranging, Time-Interleaving and Pipelining
Successive-Approximation Converters
Integrating Techniques

| Delta-Sigma Modulation

Time-Domain Converters
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Delta-Sigma Modulator ADC v ADC e ..
General single-loop DSM architecture: ;
noise-shaper DSM
(predictor) ] digital output mwl—”—m
\ quantizer
error
\ /o /
‘/err mo
Vin ~— S/H e T e
| - \
[s S digital decimator
Vi { DAC (down sampler)
7
prediction feedback DAC

A Overall negative feedback tracks input signal

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Delta-Sigma Modulator ADC

General single-loop DSM architecture: Signal vs quantization noise behavior?
noise-shaper DSM quantization
(predictor) ] digital output mwl—”—m "
error \ quantizer signal H ﬁ&f% output
\ [
‘/err \ mod
W?’L o—> S/H H I,:Algsch/ % —>° dout
T fs 1 \ _ str— 2
fs S digital decimator 1+ H s s
as
Vi  DAC (down sampler) o ] N
/ AN 1+ H
prediction feedback DAC
A Overall negative feedback tracks input signal A Perormance of flash ADC block

can be strongly relaxed!
Noise-shaper filter: = In-band high-gain

Either continuous- H(s) or discrete-time H(z)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Delta-Sigma Noise Shaping

Simplest architecture: first-order (N=1) 1-bit (B=1) single-loop DSM

int t comparator ] ]
ihtegrator / A Single-bit feedback DAC
/ is intrinsically linear
‘/in o—> S/H T i_zl_l JI_ >0 dmod
[ —
Vs
A
- o _dmod
A Vin N
N\
/ ‘\
/ N\
iy Ji
\\ /
\/ time

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




ADC Architectures and CMOS Circuits Class

Delta-Sigma Noise Shaping

Flash Pipeline

SAR Integ Delta-Sigma Time-Domain

Simplest architecture: first-order (N=1) 1-bit (B=1) single-loop DSM

integrator co/mparator
‘/in o—> S/H T i_zl_l JI_ >0 dmod
[s Yo
{(£Vs
—1
z
H(z) = 1—271
all-pass
P
H
STFEF = 1—|—_H = Z_l (delay)
NTF = —1_ —1_ .1 (differentiator)
1+ H
\
high-pass
shaping

UAB

Integrated Heterogeneous Systems Design

A Single-bit feedback DAC is intrinsically linear

¥ Oversampling is needed

OSR = IE

1
SBW

log(power) out-band

noise

signal

NTF
20dB/dec

. STF

BW JL log(frequency)

F. Serra Graells



ADC Architectures and CMOS Circuits Class

Delta-Sigma Noise Shaping

Flash Pipeline SAR

Integ Delta-Sigma Time-Domain

Simplest architecture: first-order (N=1) 1-bit (B=1) single-loop DSM

integrator co/mparator

‘/in o—> S/H T i_zl_l JI_ >0 dmod

s —

£V
—1

z

H =
(2) 1—271
all-pass
P

H

STF = 1—|—_H = Z_l (delay)

1
NTF = ——=1-7"1
1+ H
\

high-pass
shaping

(differentiator)

UAB

Integrated Heterogeneous Systems Design

A Single-bit feedback DAC is intrinsically linear

V¥ Oversampling is needed ¥ Higher order (N>1) shaping

to avoid signal to quantization
OSR= L 51

noise correlation (harmonics)
2BW
log(power) out-band log(power)
noise
in-band
signal

' NTF signal  harmonics
20dB/dec

. STF

log(frequency) log(frequency)

F. Serra Graells




ADC Architectures and CMOS Circuits Class

Delta-Sigma Noise Shaping

Higher-order noise shaping (e.g. N=2):

gain
coefficients |

/ |kff
1 1
Vin —> S/H @ b 1iz_1 kio liz—l

T first second
/ integrator integrator
S

Flash Pipeline SAR

> dmod

A Sharper noise shaping

A Signal to quantization noise
uncorrelation (continuous spectra)

"

Integ Delta-Sigma Time-Domain

dmod

log(power) |

log(frequency)

V¥ Possibility of loop instability for N>2

Coefficients optimization!

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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DSM ADC Design

N-order B-bit single loop architecture: Multi-bit quantization:
multi—!)it (B) m Resolution added to overall DR
qua}tlzatlon m Internal full-scale reduction
m Feedback DAC not intrinsically linear
Vin —{ S/H H(z) = s dimod y
’ &

shaping oversampling

i order onl
Ideal dynamic range: Y

DR — 377r (27 1) @N 4 1) (Oﬂ)”*l (N+0.5)-bit /oct(OSR)

' /

OSR
DR[dB] = 6.7+ 201log (2" — 1) + 10log (2N + 1) + 20 (N + 0.5) log
s
direct
improvement

UAB Integrated Heterogeneous Systems Design = F. Serra Graells

High-order filtering:
m Sharper noise shaping

m Stability issues

log(power)

signal

20N dB/dec:

/ . /' 6N dB/oct |

i i
BW fs
log(frequency) E




ADC Architectures and CMOS Circuits

DSM ADC Design

Class Flash Pipeline SAR

Integ Delta-Sigma Time-Domain

. k=1
Feedfoward cancellation: & L
o
kr1
A Internal full scale low occupancy
Vin =1 S/H = — % — N . » dmod V¥ Additional adder stage in front of quantizer
| N
fs Ve')"’l"
 £Vys
A
: . log(power)
Resonator attenuation:
kﬂ%
A Extra noise shaping
Vino—f S/H |0 = o it L H e f | at band edge
T IE V Zero sensitivity to
log(frequency) 2 .. . .
; coefficient mismatching
)  £Vys

UAB
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DSM SC Circuits

Fully-differential 2nd-order single-bit example: integrator
initialization
input sampler (ﬁo
reuse for DAC 1
feedback | 7 |
s o/c Cf1
Cia H closed
] 4 —
¢1 ‘/7]2]7 (bl C’f|2 d'mod L open
et e — e b
quJ qgg m j £V, |
Vinn ¢1°__| ¢1 °\ Vian ¢1 Cl P Emod C|0Ck S L
LN L —h
Q‘Vref/:_ Vem Can Cia - passive 10D -| i | -
S N N 1 adder 1/f
common H s
mode }
Cro
Cs]_ 082 Cf].
]{7'1— k“g— ]{31——51
T Ch T O =g

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




ADC Architectures and CMOS Circuits Time-Domain

ADC Classification

Flash Converters

Sub-Ranging, Time-Interleaving and Pipelining
Successive-Approximation Converters
Integrating Techniques

Delta-Sigma Modulation

Time-Domain Converters
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Voltage-to-Frequency ADC Vin ADC |0 dous

o voltage-controlled
Building blocks: Deonw oscillator (VCO)

e

——————————————————————————————————————————

=

I
I
I
I
I
I
I
I
I
I
: ¢coarse
I
I
I
I
I
I
I
I
I

If‘r > Coarse counter
Iy, | reset
bias 1 1 1 | 1
Vin —{ S/H i g i L
T l
I R A A [, |
______________________________ e T MSB
s r |
. | [ 1 1 1 T °¢conv
Fine o [ . . o LSB N
. [2] [2) [2] [2)
regISter : I I i I . I : Encoder A wi >° dout
0 1 1 0 . R
XOor i 1/fs i
.. . detection ! :
A Implicit sub-ranging: Peonv {S | Q |

fvco = (2M58 —1) fo < (2N = 1) fs Seoarse | [ ATFLFLILILH
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Voltage-to-Frequency ADC Vin ADC |0 dous

o voltage-controlled
Building blocks: Deonw oscillator (VCO)

e

——————————————————————————————————————————

A Low frequecy (f,.,.<<25N95f),
unlike integrating ADCs

=

I
I
I
I
I
I
I
I
I
I
: ¢coarse
I
I
I
I
I
I
I
I
I

Lj . Coarse counter A Low-voltage operation
. | t : .
Thias T T T |E7 1 b ¥V Non-linearity V, -l
Vin — S/H 4{ $ $ $ $ and Ibias'fVCO
T R S S | { mse V¥V Technology sensitivity
fs e e e E. ‘
Fine R v o o | > $eony
register\i L I I I i Encoder P N
< 1/fs >
¢conv iil Q |

b :
1
choarse: ||}|{|}|{|f|”
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