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7. Integrated Data Converters Intro Flash SAR Integrating Delta-Sigma

ADC vs DAC

General mixed-mode frontend for smart transductors:

%<ADC decimator
core

sensor pre AGC/ anti
e.g. microphone amp limiter alias

oAl

&

clock DSP
generator L
i X < DAC -
---------- nterpolator
@ == core nterp
actuator power reconstruction
e.g. motor amp
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ADC vs DAC

General mixed-mode frontend for smart transductors:

sensor pre AGC/ anti
e.g. microphone amp limiter alias
_________ : X ADC -
o))) 0 HD% % ﬁ<core decimator
mformatlo‘ clock (7> DSP
) generator
action
__________ X DAC -
@ % % %core interpolator
actuator power reconstruction
e.g. motor amp

...typically ADC is more performance demanding!
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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
litud ’ -
ampiitude Digital Integrating
timebase Predictive Delta-Sigma
o .. ...and many _ ]
Distinctive characteristics: morel High dynamic
- range

Feedforward vs feedback control

Single vs multiple stages

Amplitude vs time domains Typically mixed solutions...
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. P
ADC Evolution FOMg = SNDRypaq + 10log —g’;yq FOMw = +—— 555
D nyq -

FOMgs ~ 85dB FOMyy =~ 5uJ/conv-step

EPSCO DATRAC, B.M. Gordon, 1953
11-bit 50KSps 500W SAR ADC
0.5m x 0.4m x 0.65m, 70Kg

Vacuum tube technology

W. Kester, Analog-Digital Conversion
@ http://www.analog.com/library/analogdialogue/
archives/39-06/data_conversion_handbook.html
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- . fnyq . PD
— — F f—
ADC Evolution FOMs = SNDRaz +10log 55 OMw = +——Fvop
FOMg ~ 85dB FOMyy =~ 5uJ/conv-step

+60years
State-of-art ADC
Solid-state technologies
B. Murmann, ADC Performance Survey
@ http://www.stanford.edu/~murmann/adcsurvey.html
-6
10 i @
B Flash ® l ’
A Pipeline ,,/
B SAR -
8 @ Delta-Sigma
10" || I> Other
= [
i “.-' ste
EPSCO DATRAC, B.M. Gordon, 1953 & qo'ya  BRai P
11-bit 50KSps 500W SAR ADC T
m
0.5m x 0.4m x 0.65m, 70Kg e
g
Vacuum tube technology ok ™
W. Kester, Analog-Digital Conversion /,—"'/’
§ http://www.analog.com/library/analogdialogue/ 20 30 40 50 60 70 80 90 100 110
archives/39-06/data_conversion_handbook.html SNDR|[dB]
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ADC Evolution Ve ! ADC e d,
Performance enhancement: ;
Architecture strategy Vin °—°/°T I
Circuit design lcs
Integration technology State-of-art ADC

Solid-state technologies

B. Murmann, ADC Performance Survey

Stl” room for further @http://www.stanford.edu/~murmann/adcsurvey.html

improvement? 10 r
B Flash
A Pipeline
H SAR
SNR _ (VFS/2\/§)2 fs 10—8 | @ Delta-Sigma
max KT/CS fnyq > Other
= m l.=-
Prin = CsVes fs Vbp £ hA S
Ipp B m
Pmin|VFsEVDD =~ CSfSVFS m D.L. -
10" J,l;-—I'
) Pm(l/n ""‘fd;
Erin = =8KT SNR 4z 20 30 40 50 60 70 80 ) 100 110
fnyq SNDR [dB]
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Basic Flash Architecture Vi, ADC e dous
Building blocks: e.g. single-ended 3-bit flash ADC ;
Latched

Threshold comparator  thermometer

generator array code
ST , S I O )
 Vrs = Vpp ! | |
% Vit T tz natural
i § | i binary
i : : 2 i code
i § | : I i p /
§ ' Vink i Rz Digital out
; | —r | encoder | 3
i § i | T :
= —
i § i ‘/thl : T E t1
- F | i \
. ; ) & \—/\

T combinational

fs x (2PNOB — 1) only logic
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Basic Flash Architecture Vi ADC [0 dou
Building blocks: e.g. single-ended 3-bit flash ADC ;
Latched
Threshold comparator  thermometer
generator array code
T \ ST ™ SR A 1 clock cycle
- Vrs =Vpbp | ; conversion time
% Vit T tz natural
i § | i binary
i : : 2 i code
i § l | iy i J /
i I : | Hp out
| § Vi | T b Digital -}, V¥V Area and power
! i : ! encoder | 3 - ENOB
| § | : ; | scaling by 2
§ | > V¥ Distortion due to
| § Vo : Lty technology
i % : — mismatching
| : i i N
. ; ) { ;/\
T combinational

fs x (2PNOB — 1) only logic
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Latched Comparator Design

Compact CMOS circuit:

1/fs

! !
cIock!__: tkqﬁ\;awf_boi

Non-overlapped 2 J |-
clock phases bs | L !

®2 / b2
{ H closed Vm»—{ M1 M2 }_Qvthk

L open

172

¢m:
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Latched Comparator Design

Compact CMOS circuit:

1/fs . |
clock |__ ¢1\€ M—3E] w Ii\r/m T/ b1 A High-speed operation
I lgo—o< —Do——

Non-overlapped ! Jf | V Each comparator crosses

| ]

clock phases o 1] [ ° ° at different threshold V;,

G2 G2
H closed 1, b_{ M1 M2 }—thhk V¥ Threshold voltage offset?
Gz =
I_ open /\
Pre-charging phase Decision phase
\ _ Positive feedback to
0 o——o<—3 L Do 00 th ot—1 1 e 7. speed-up comparison

Symmetrical loading

Vin °—H;i/|1 M2 }_"Vthk Vin °—{ M1 Q Mi]}—"vthk
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Comparator Optimization

By attaching an array of level shifters:

Vie
1/fs }f 1 single-ended
1 s version
cIockl P

ey

b1 r — i T2
¢ ] [ v X 1{ >
¢2; /¢1 I Lk
{ H closed I . *
Gz = Viey
L open signal baseline

cik T <% cik T <%
o | — S
T B T >
} Y l Y
Vref V;"ef

Design of Analaog and Mixed Integrated Circuits and Systems  F. Serra Graells



Intro Flash SAR
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Comparator Optimization

By attaching an array of level shifters:

Vie
1/fs ! 1 single-ended
dock l_ ¢1}T—_T b0 version
” J — — C2k
o1 [ . o1 Cllk _
¢2; /¢1 I Lk
H closed I : P
Gz = Viey
L open signal baseline

Integrating Delta-Sigma

A All comparators latch
at the same level (V,)

A Single comparator design

A Low quiescent power
(resistor-less thresholds)

V¥ Capacitor area overhead

V¥ Input capacitance increased

V¥ Slower operation

Vief C C!
b = =——2 —sign [(m Viep) — =2 (Vpp — vmf)]
Clk; + CQk; Clk
Cilk T C2k Cilk C2k / /
Vi o—| - }L‘ effective effective
I I b signal k-threshold
l + l +
Vref V;"ef
. Cik Cork
t, = Vre - V;"e V;’e - ‘/zn —(V - ‘/re
k= Sign [ f ( Yo C%( ! ) + o C%( DD f))]
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Comparator Optimization

By attaching an array of level shifters: ..
A Interference rejection

V:r'ef R . .
1/ fs /I 1 fully-differential A Full-scale extension (46dB)
) b2 VEersion
cIockl | 3
Sinll A SNR enhancement (+3dB)
. L ——C2kp
b “|: T ¢1  Clkp ] ] _
1 N Vi oo | — A Distortion cancellation
o/ o (even harmonics)
H closed Vref o 1 1 j b
by = b2 \,¢1
' L open Vinm o= | T
v,
¢1 Clkn:: Cokn DD -
V B v
Vref — % (bl} b2 Vref = gD
Vr'ef Vinn
0
V¥ Area and power overheads (x2)
. . V;ndi‘/inp_‘/inn
V¥V Higher symmetry requirements
—Vbbp

Time

Design of Analaog and Mixed Integrated Circuits and Systems  F. Serra Graells



7. Integrated Data Converters  Intro

Comparators Offset

MOSFET Vi, mismatching effects:

tk°—°<l— —|>°—°fk

o o

Vi o~ | M1 M2 | Vi

2
02(AV0ff) = 0'2(AVTH1,2) + (gmﬂ) 0'2(AVTH3,4)

9mg1,2

CMOS
technology

Avrh

/ VWL o

0(AVess) ~ 0(AVrmi 2)

Pelgrom's Law

Design of Analaog and Mixed Integrated Circuits and Systems

Flash SAR

Integrating Delta-Sigma

V¥V Distortion due to DNL

dnum:_

dout
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Comparators Offset

Thermometer code bubbles!

Latched .
comparator |
array

| Bubble
iy ; 0
T e 0
1r i :I:u:i:'/ 1
| ——V;
1r : } kL
D | —1—— Vink
17 :
1 ; ji::»=::if 1
o> o 1
A Gaussian
VTH probability
(WL)12 distribution

Design of Analaog and Mixed Integrated Circuits and Systems

SAR Integrating Delta-Sigma

V¥ Error propagation at encoding...

O )

T Digital
encoder

—

dout

V Large device area (WL) and
input capacitance penalties
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Comparators Offset

Thermometer code bubbles! A Digitally assisted analog design:
,'/ __________ —\\I
| | ( ‘
| | Bubble te o by
| r E 0 —
S N S, ¥ 0o —— :
N T S 0
Latched | : V; 1 t Beurl:g:e b Digital Tout
A i 1 Vthk+1 k 1 k EPEN
comparator - : } 0 = correction encoder | 3
array K | —— Vink (BEC) |1
| Ir : "j:x:j\‘ 1 —>
B <. 1 — :
i IS E ) t1 1 b1
i i ’.u'" ?
N / D EEEEE—
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Comparators Offset

Thermometer code bubbles! A Digitally assisted analog design:
e -~ O
| i R
| | Bubble te o by
B i 0 —
N N T, 0o —— :
B | N S 0
Latched | : V; 1 t Beurl:g:e b Digital Tout
: D i L thk+1 k 1 k S
corr;rr);r;ltor -, i _} v 0 = correction encoder | 3
i Tr : ,< thk 1 —> ( BEC ) 1
T 1 — 1
- U
W\ ) -
) te—1 tx  Tk+1 by,
Avro WL) large enough
o(AVorp) = to limit bubble ) : " ;
(WL _ 1 X 0 7
distance to 1 code: X 1 1
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Comparators Offset

More on digitally assisted analog design: an stochastic flash ADC

‘/Z"npc
V:L'nnc
i —+ /ﬁ
»———J— ’___J—
iy
uny
Digital ;
»—:iJ— 1 out
inverse
o) Gaussian | ¢
It integral
sy
sy
L1r
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
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Comparators Offset

More on digitally assisted analog design: an stochastic flash ADC

Avr A Almost digital

Vinpo (WL)2 A Compact area
V%nnc - -

indj ( \ V¥ Non-linearity

X compensation

12 required

HE y V Power

Digital :
1T inverse dout consumption
. —~—>0

i Gaussian | ¢

& integral

sy

sy

L1r )
e.g 03 Digital full-adders p(one)

comparators g 6

0 /|\ Vténp - ‘/znn
[§] S. Weaver, B. Hershberg and Un-Ku Moon, Digitally Synthesized Stochastic Flash ADC Using Only Standard Digital Cells, U(Avoff)
IEEE Transactions on Circuits and Systems |, 61(1):84-91, Jan 2014

Design of Analaog and Mixed Integrated Circuits and Systems  F. Serra Graells



7. Integrated Data Converters

ADC vs DAC

Flash Architectures

SAR Topologies

Integrating Solutions

Delta-Sigma Modulators

Design of Analaog and Mixed Integrated Circuits and Systems  F. Serra Graells



7. Integrated Data Converters  Intro Flash SAR Integrating Delta-Sigma

Successive Approximation ADC

Building blocks:

;:sidue
V;“es dlglta|
. S0
Vin o S/H < +J— state-machine
T _ (algorithm)

; /

Successive Approximation
/Vdac Register (SAR) N,

approximation

\\N

< Flash
DAC >0 dout

N-bit

Design of Analaog and Mixed Integrated Circuits and Systems
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ADC

[s

——>° dout
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Successive Approximation ADC V.,

ADC —F—>° dout

Building blocks:

[
;:sidue e.g. 4-bit SAR ADC
Vi oyl S/H N\ V;“es A dlglta|
o < T state-machine VFs 1/Nf,
T _ (algorithm) 1 Viae | |
/ =V
i I
Successive Approximation 1 & 0 dour = 1011
/Vdac Register (SAR) N, 1 &
approximation O e
TN Lo !
(e - g
N-bit ds | dy dl;doé
MSB LSB time
A Analog minimalist V¥ Speed requirements (xN)
A Very low-power consumption V¥V Performance limited by flash DAC
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Flash SAR

Intro

7. Integrated Data Converters

Integrating Delta-Sigma

. . . H closed
Successive Approximation ADC 4 —
' 1/Nfs L  open
Circuit implementation:
P clock| ' I I
NgEEEEREEE
Vies d 1 i[dass |
Vi o S/H @ > MSB®2 . MESB N S S S
T drvsB-192 | | drisp—j
T dLsB®2 | [dLd
e
Successive Approximation
Vaac Register (SAR) Nf,
Voo = 9V, single-ended
" FS = aVref version
<F| h
DZSC > dout Vies ¢imct
N-bit N Cos;
Vin o—o\c — I I+ +
Cs al Cs S O =& G Vors I o
9N T Z 5 =G5 2 4 2 2 \ Dinit - to SAR
i=1 0
of v
Vres ‘/;n Voff T T T
d d d v BN
— ( ]\425B + AZSB + - gi]B) Vier \dMSB(Z)Q dvsp-1¢2 - dLSB(bi \signal
h baseline
from SAR

Design of Analaog and Mixed Integrated Circuits and Systems
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7. Integrated Data Converters

. . . H closed
Successive Approximation ADC 4 —
/N fs L open
Circuit implementation:
P clock| ' I I
ApEEnEREEE
Vies d 1 i[dass |
Vi o S/H O > MSB®2 . Msp L L L L
T drvsB-192 | | drisp—j
T dLsB®2 | [dLd
e
Successive Approximation
Vaac Register (SAR) Nf,
Voo = 9V, single-ended
" FS = aVref version
<FI h
DZSC > dout Vies ¢imct
N-bit N Cors
Vin o—o\c — I I+ +
CS N CS ::% ::% :—% :—% Vors J_ T
2_+Z_’L ECS 2 4 2N 2N <\¢Wt — to SAR
i=1 °
of v
Vres ‘/;n Voff T T T T T
d d d v | BN
— M5B + M55 + + L]‘S\'[B Vref dvsp®2 dusp-1¢2 - drspd2 drsp—102 \
2 4 2 R , signal
h baseline
from SAR

F. Serra Graells
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Single-Slope ADC hodoed s ADC e d

L open

Building blocks:
d)z'nit fs

L

V'Z.n o—> S/H reset N
enable Digital counter ——- dou:
L. :
it
Is o T pulse-width
ﬁ far = 2N = 1) f, modulation (PWM)
R [
~Vrer —WMA- Vramp 11,
: clock [AMIAAAAMAAAATARAIA:
gbinit ] i
Vi i |
tpwm = RO ”f Ppwm |
re ! i
E : ‘/ramp
dout — tpwmfclk: — (2 - 1)stCV ¢ ‘/zn ! :
re | E
RC
0 tpium time
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Single-Slope ADC

Building blocks:

H closed
L open

d)z'nit

L

reset

enable Digital counter

N\

fS o/ct
C
R |
—Vier —WW-- Veamp
+

A Analog minimalist P RC“//M
A Very low-power ret
Vin

dout — tpwmfclk: — (2N - 1)stC

‘/;“ef
V Speed requirements (x2V)
V¥ Technological sensitivity (RC)

Design of Analaog and Mixed Integrated Circuits and Systems

T

fclk = (2N - 1)fs

e Nt

1/

—F—>0 dout

pulse-width

modulation (PWM)

clock [[[IIIMULUURAARARAALLLLL:
¢7§nit ] E
d)pwm i
i/i V;“amp
Vin i
RC
0 tpium time
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Dual-Slope ADC o1 S ADC e
L open
Building blocks: Dinit
o ;
C S
¢1 R I I ¢'L’nit
Vin =~ S/H — 'V\NV\I - V;’amp \T/
reset N
1\ + control Dual counter |+~ dout
s ‘/;h A
7 v
J— o—o/o—
ref tl . clk — (2N - 1)fs
sz'n = t_ ref
’ i 115 :
ot = S oc 1 cloct [TV
d2 Vref ¢init " i
. . ] ¢12§ |
A Analog minimalist i |
A Very low-power Vin
v Vin
. N ramp M RC
V Speed requirements (x2") RC
0 t I t29| time

A Technology independence (RC)
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Integrate-and-Fire ADC 5 H' closed L, ADC e d
L open
Building blocks: ¢>z'm't; Pspike
¢ J
—
v Asynchronous N .
ref reset counter
Pinit pulse-density
modulation (PDM)
d _ ]‘/fS o I’L .
out — tpdm - C‘/thfs ; 1/fs
(binit
. (bspik:e - " " " 4;
A Current-mode sensors (e.g. imagers) | ; ; ; |
A Very low-power v T
Speed requirements adapted to signal % Vth
. Vie
V¥ Technology sensitivity (C) d
0 tpllm time
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Delta-Sigma Modulator ADC v ADC iso d..
General single-loop DSM architecture: ;
noise-shaper DSM
(predictor) ) digital output UL
\ quantizer
error
\ /o /
V;n R S/H O Verr 7 Qgsch/\ mod % L
| - \
[s Srneh digital decimator
v { DAC (down sampler)
e N\
prediction feedback DAC
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Delta-Sigma Modulator ADC v ADC iso d..
General single-loop DSM architecture: ;
noise-shaper DSM
(predictor) digital output HJHMM
\ quantizer
error
\ / ; / Noise-shaper filter:
Verr mod
Vin =4 S/H —6) H Flash ) 2E 0 dous In-band high-gain
T £ o \ Either continuous- H(s)
3 o _ or discrete-time H(z)
[s Srneh digital decimator
> (down sampler)
Iz \&C\ A Flash ADC and DAC
|
orediction foedback DAC blocks can be relaxed!
quantization
. i ( H
DSM signal vs T STF == —1
quantization signal H ﬁ(%—e output 4 H — oo
noise behavior? NTF = —— 0
\ ]_ + H
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Delta-Sigma Noise Shaping

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

. comparator _ _
Integrator / A Single-bit feedback DAC
/ is intrinsically linear
Vin = S/H T i_zl_l Jl_ o Amod
fs —
+Vy,
]
N - mod
" Vin N\
// \
N \«\
\\\ ) f
\/ time
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Delta-Sigma Noise Shaping

Flash SAR

Integrating  Delta-Sigma

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

integrator

comparator

(delay)

(differentiator)

-1
Vin = S/H
fs
—1
z
H =
(2) 1— 271
all-pass
/
H
TF = ——
5 1+ H
NTF = —— =1— 2"
“1+m
\
high-pass
shaping

Design of Analaog and Mixed Integrated Circuits and Systems

log(power)

20dB/dec

A Single-bit feedback DAC
is intrinsically linear

V¥ Oversampling is needed

out-band
noise

NTF

. fS
OSR = SBW > 1

/  STF

BW f log(frequency)

F. Serra Graells
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Delta-Sigma Noise Shaping

Flash SAR Integrating Delta-Sigma

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

inteorat comparator _ _
integrator / A Single-bit feedback DAC
/ is intrinsically linear
Vin — S/H m dmo L
%/ =1 - 7 fmod ¥ Oversampling is needed
; V Higher order (N>1) shaping
i / to avoid signal to quantization
Vs : : .
\ noise correlation (harmonics)
-1
— o log(power)
H(z) 1— 271
all-pass in-band

r H _1/ del signal harmonics

STF = 1—|—_H =z ( (S ay) /
<
\ NTF = H;H =1 — z~1 (differentiator)

\ | |
h;%\g;)?:gss BIW i log(frequency)
2

Design of Analaog and Mixed Integrated Circuits and Systems
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Delta-Sigma Noise Shaping

Higher-order (N) noise shaping: intzgfattor insti;?:gr

/ /

Vin = S =6 » 1:«1—1 % 1:1—1 m » dmod
T \ gain/

fs coefficients

"

dmod

A Sharper noise shaping

A Signal to quantization noise

ogponer) [ | . .
B uncorrelation (continuous spectra)

V Possibility of loop
instability for N>2

Coefficients optimization!

log(frequency)
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DSM ADC Design

N-order B-bit single loop architecture: Multi-bit quantization:
multi-bit (B) m Resolution added to overall DR
qua}tlzatlon m Internal full-scale reduction

m Feedback DAC not intrinsically linear

‘/in o— S/H H(Z) J-l_'_ >0 dmod y

T High-order filtering:
fs /_'_,I m Sharper noise shaping
\_ m Stability issues
. |
Ideal dynamic range: cglponer)
shaping oversampling
order only signal

DR — 3_27T (27— 1) (2N + 1) (OSR)2N“ (N+0.5)-bit /oct(OSR)

™ / 5

20N dB/dec:

OSR < 6N dB/oct |

DR[dB] = 6.7+ 201og (2” — 1) 4 10log (2N + 1) + 20 (N + 0.5) log | |
: BW f.
direct log(frequency) 5

improvement
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DSM ADC Design

1 A Internal full scale
N low occupancy

o o
ki V¥ Additional adder stage
in front of quantizer
AT Y e B s
JZANY
V

fs err

) ke =
Feedfoward cancellation: f1

A

A Extra noise shaping
at band edge

Resonator attenuation: V Zero sensitivity to

kgli coefficient matching

Vi | S/H | > | i oy e

fs

log(power)

o B f.

log(frequency) E
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7. Integrated Data Converters Intro Flash SAR Integrating Delta-Sigma

DSM SC CirCUitS CIO;TLIS_Li H closed

. Pz =
. - . . ®2 Lﬁ L open
Fully-differential 2nd-order single-bit example: | T, |
S
input sampler Cl'fl1
reuse for DAC | |
feedback --. Pinit Dinit
\\\\ o/c :/c
Ci Ci
I [
| | |
o1 | Cst gy 62 Vi, 91 Claz b2 Vi, 91 Cr Ao
Vinp oo o o— yo—ﬁ o—4 %”,/o_ﬁ I + mo
P2\ ¢2 b1 b2 35N
&l e o Gy | T > |
¢1 031 ° ¢2 i1n ¢1 ng ¢2 2n d)l Cf2 . mod
[ [
_ | | .
FVie r = Vo C; _ Ci passive
. o O Integrator N adder
common Pinit initialization =~ i ”
| |
mode o
CSl 032 . Cfl
k"l = k'g = k 1= = =
Y Ca Y Gy n=c 72
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