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Oversampling e.g. b-level quantization

Flat (white) error spectrum profile
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Oversampling

Flat (white) error spectrum profile:

1 A2

QN(f) = 5 [W/HzZ]

Spread across spectrum (fs/2)

Oversampling ratio:
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Quantization Noise Shaping

Basic single-loop Delta-Sigma modulator (DSM) for discrete time (DT) ADCs:

shaping filter - quantizer
(e.g. integrator) % = ' (e-g-"l'b't) Van
“g\ ',,"" ",.4"" H
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Quantization Noise Shaping

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
' G
Ideal dynamic range: shaping oversampling

order only

DR = (2% ~1)° (2N +1) (OSR)MH (N+0.5)-bit /oct (OSR)

' /

DR[dB] = 6.7 + 201og (23 — 1) +10log (2N +1) +20 (N + 0.5) log OS5k
s
direct
improvement

High-order filtering:
m Sharper noise shaping

m Stability issues
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Delta-Sigma Modulators for ADC Basics Architectures

Single-Loop vs MASH

High-order feedback or feedforward DSM architectures:
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Single-Loop vs MASH

High-order feedback or feedforward DSM architectures:

Vin = S/H 1i_zl_1 1i_:—1_"'%1i—_;—1 T so Amod
T V¥ Unstability issues
[s Yo
DAC
]
Vin —9 S/H 15‘;_1 o e dimod
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s \ o e e
b sensitivity
! = More suitable
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Order Selection

Simplest DSM architecture: first order
A Intrinsically stable

Vin = S/H s s imod V¥ Large OSR needed
T V¥ Tonal spectrum caused by
fs signal to quantization

{DAC noise correlation!
log(power)
_ in-band
STFEF = L =, ! signal harmonics
H . 2_1 1 —I— H
B =1 1 ) .
i i
BW fs log(frequency)
2

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




Delta-Sigma Modulators for ADC Basics Architectures SC  Modeling Assisted  Low-Power

Order Selection

Next architecture step: second order A Intrinsically stable
for limited input range

A Signal to quantization

1 -1
: - ? d > .
Vin =— S/H ot = 7 fmod noise uncorrelation
T (continuous spectrum)
[
(DAC Moderate OSR
hui requirements
) 1 log(power)
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second-order / :
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Delta-Sigma Noise Shaping

Higher-order general architecture:

gain
coefficients

Vin =—{ S/H /

s
h ‘1iz—1 Gl 152_1 /ng 1iz_1 _l_l_'_ >0 dmod
k1 Ky o
S
DAC safe
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Commonly Used Architectures

Feedfoward cancellation: / 1\

A Internal full scale

Vi e d 5/H o d, low occupancy
V¥ Additional adder stage
T in front of quantizer
[s
Resonator attenuation:
kﬂ%
log(power)

A Extra noise shaping
at band edge
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SC Integrator

Shaping filter basic building block: SC-OpAmp compact implementation:
gain integration L
function function for initialization
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SC Integrator

olle
SC-OpAmp compact implementation: Vin(n—1)  Cs L
B | | _
@l |@ Vout(n_l)
o N
C; ~
i
¢1 Cs b2
¢2 Cbl »—OOUt
I
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L open
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SC Integrator

olle
SC-OpAmp compact implementation: Vin(n—1)  Cs L
B | | _
@l |@ Vout(n—l)
o N
C; ~
] )
o O 4 AQ =0 N
Vip, 00— o—— — . froeolles
VRV B 0 (
I T I I@—/ -

H closed 8.
Gy = Vout(n) = Vour(n — 1) + Esvm(n —1)
L open !

6
1/ fs
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SC Integrator

SC-OpAmp compact implementation:

o
C;

| |

|

®1 Cs ®2
s iVt .
¢2 ¢1 ’—OOUt
[

UAB
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SC Noise Shaper

Fully-differential 2nd-order single-bit DSM example:

feedforward
signal cancellation

: . z71 z! —
Vin == S/H =56 e I P ey %’“ﬁ 13 > tmod
// fS
differential \ivf

signal domain
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SC Noise Shaper B

Vit S/H Hho i = s o
Fully-differential 2nd-order single-bit DSM example: |
fs
Vdacp +st/4
common Cro + o— _Vp,/4
mode |
) I
A o/c o/c C
Vier = Ve f1
EVres Ca Cir
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input sampler A
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Vaaen oﬁ__vfs/zl
Qui(n—1) = Co1 [Vin(n — 1) — Vigae(n — 1)]
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. ¥
SC Noise Shaper B
Vino—f S/H ot > A e

Fully-differential 2nd-order single-bit DSM example: |
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Cfo o _Vf8/4
|
|
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. [
SC Noise Shaper g
Vin o S/H @ > = e o e e

Fully-differential 2nd-order single-bit DSM example: |
£
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Cfo O__Vf8/4
|
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Switch Thermal Noise

Added to signal at input sampler:

dv%out i
. h
log ——— —aF oversampling on—zvsligiance Viacp ..
extension .
R,
l Cs1 fl/m: \\\\
~~.\_\..\~ Cil \‘
BW fs logf |
2 x QSI sl ¢10 ¢2 le ‘
dUTQLout 2 _ KT 1 Vmp O_O/ o —O/o_ﬁ
—— =4KTR, Unsw = raYdz) ¢2 :
df Cs1 OSR < 42 .
Vi [PQ - [PL( —
+0.5bit /oct ZEN ORI ¢2 Vian Coa 1
|
Ci )
O
¢init ,'
Vdacn -7
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Switch Thermal Noise

Added to signal at input sampler:

dv? )
log —g]f“t oversampling on-zvslizignce Viaey -
extension .
st \\
l Cs]_ fl/m: \\\\\
Cil \\
BW fs logf |
2 ¢1 Cs1 g% oo Vitp b1 Cs2
2 KT 1 Vin o !
LT . o sz mmtsuls
df Cs1 OSR <]g§ 4 <]?§ .
+0.5bit/oct o R A g o, )
[l /
1 g
- - . . C; ’
Fully differential contributions: .2 =81 1 , K
Cs1 OSR N K
¢init ,' Power
. namic
DRyitf = DRging — 3dB + 6dB = DRgng + 3dB(+0.5bit) D¥ange & area
switchesx2  full-scalex 2 . .7
Vdacn -

V Large capacitor area and low input impedance values!
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Clock lJitter

Critical at input sampler due to its
continuous (CT) to discrete time (DT) conversion:

Vdacp ~.
Vi o
01 I?IH already
| ¢ . in DT!
1/fs Pinit \\\,.-"'
o ,""\\
Cin \
[ | \
I ; !

¢ |
¢1 ° ¢2 zln 32 '
[ !
|| g
Ci K
>
init 4
i it . xterna|
prcﬁll)t;girlity Dynamic rgferences
estimated power range
= 75 under harmonic stimulus: - -
dacn -
At Q(UjVFsﬂ'BW)Q

0 JN =

OSR
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OpAmp Finite Gain

oll®
SC integrator transfer function when (n—1) C, L
- . . . m
OpAmp open loop gain is limited: o | -
CARIS) Vout(n — 1)
——O
equivalent single ended ?& T
half circuit
’,f’ ——————————————— \V\/\”—‘\\'—’/’, CfL
-7 Qbinit d)in?t\\ AQ = O | |
R o o S >o00 ! loe .
.7 C; C; N
} i — N h \ [ Vou(m) = Voue(n=1) & 72 Vinln =)
’ \ — ¢
C. o B 7 °
p,ﬁ L d ¢>2°_1 Vi, @ 2 <Z52°_1 Viy 2 \ ollo oo Vogt (n)
1, P2 o\ ¢1< ;;&ﬁ = o0 Vv »—1 C
N < IS, & SN =k kg
N SN V—\*L{ }—‘{‘\“ TN <o Vin 1—2 :
I oM P2 andr oy, b2 2 ¢1//
\
N || || //
\\ Ci Cia //
o " 7
S~ Dinit ¢i@tz <

- =
S ——_— _—-—

more relevant in
first stages
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OpAmp Finite Gain

olle
SC integrator transfer function when Vi (n— 1) o} L
OpAmp open loop gain is limited: SR || _
pAmMp op P8 ollo . Vout(n — 1)
Qu(n) = Qu(n—1) -
T +
CsVe(n) + C; [Va(n) — Vour(n)] = C;
= _Cs%n(n - 1) + C; [Vw(n - 1) - VOUt(n o 1)] ,9@@| I@@
.
v Ve
in_ gt —@l |@ - Vout(n)
#0 | G <0 °
+
_l_
Vout(n) ) l _ i&
+CS G + Cl (1 + G) Vout(n) -
_ _ _ , 1 _ integration leakage gain mismatch
=4+CsVin(n—1) + C; (1 + G) Vout(n — 1) N -

Vout(n — 1) kVip(n—1)
1+ 2 1+&(k+1)

. Cs
k = a Vout(n) =
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OpAmp Finite Gain

olle
SC integrator transfer function when Vi (n— 1) o} L
OpAmp open loop gain is limited: B s _ -
Vout n—1
G < —— O
Qu(n) = Quln— 1) p
_I_
~
CsVi(n) + C; [Vi(n) — Vour(n)] = Ci
= _Cs%n(n - 1) + Cz [Vw(n o 1) - VOUt(n - 1)] %@@I I@@
% o]
in_vgt —@l |@ - Vout(n)
Jj #0 | G <0 °
+
_I_
Vout(n) 1 . i&
+CS G + Cl (1 + G) Vout(n) -
= 1 CVin(n— 1)+ C; (1 + é) Vour(n — 1) integration leakage gain mismatch
C, Vour(n — 1 kVin(n —1
= V)= 11( - 1+i((k+1))
1 TG G

V¥ Signal dependent gain generates output distortion ¢ — ~ Vout (1) = Vo (n — 1) + Vi (n — 1)
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OpAmp Slew-Rate and GBW

Qualitative case studies:

if SR < TZ/(/);t . slewing only

T,
Vout(n) = Voue(n — 1) £ SR?

UAB

s
| |
olle
Vieln=1) L
@l |@ - Vout(n—l)
_I_
NV
C;
| |
ool lee
c. (
| | _
J@l ° e Vo)
_I_
<
OpAmp works |dea<I? Vout(n)
as a charge pump !
during integration phase |
Vout(”)
AVOU‘[J SR—OnIy
current
limitation!
Vout(n — 1) T,/2
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OpAmp Slew-Rate and GBW

Qualitative case studies:

if SR < TZ/(/);t . slewing only

T
Vout(n) = Vout(n — 1) + SR?

AVvout

T

if ‘ < SR : settling only

Vout(n) = Vout(n — 1) + AV(,ut (]. — 6_;’?)

UAB

Architectures SC Modeling Assisted Low-Power

B @ Vout (n)
2 P
?& +

ideal Vi, (n)

_______________________ .?
Vout ('I’L)
AVvout
frequency
transfer
function!
Vout(n - ]-) TS/Q
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OpAmp Slew-Rate and GBW

Qualitative case studies:

A ou -
if SR < TZ//Qt : slewing only

T,
Vout(n) = Voue(n — 1) £ SR?

AVvout

T

3

< SR : settling only

Vout(n) = Vout(n — 1) + AV(,ut (]. — 6_;’%)

else : slewing+slettling

VOUt(n) = Vout(n — 1) + AVt — SRTe_(%_%%LH)

¥ Non-linear errors = signal distortion

Integrated Heterogeneous Systems Design

Architectures

SC Modeling Assisted Low-Power

Vout (’I’L — ].)

T, /2

i& +
‘ —oo! e
C (
@ N Vout (n)

ideal Vi, (n)

_______________________

Vout (n)

mixed
[imitation!
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Feedback DAC Non-Linearity

Only for multi-bit DSM architectures:

o
| INL/DNL
;m/mt :m/m directly added
o o - . I
Cn o, to sngnal\ input!
| | | ] \
I A
1 Cat 6, 2 Vi, Cs2 4,% s Vi, @1 Cr dmod N
Vmp o— o oy o— —po/o—ﬁ o— P I + e Vdacp
2\ P2 P13 b2 i &\
S < \ < oY Gy | rd
Vinn °—°\°——| o1 - V—O\ o1 - V—O\O_L{ I - _ 7 Viaaen
o1 Cy ¢ b2 iln 01 Co ¢ 1033 2n gy Cf2 . dmod
[ I
N |
C; C; \
;Dt ;Dt quantizer
N non-linearity
I h d
Ch shaped as error

V¥ How to get rid of feedback flash DAC non-linearity effects?
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Feedback DAC Mismatching

Single-stage multi-bit SC flash architecture example:
¢
e
[
_ ! single-ended
hardwired ¢ m%ersi(;]n
¢ binary
A weighted
4 2
’II dmod o— >
:,’¢1 Cf|2 dmod
+ # Viac
AN ’
L1308
‘-Q\O—L{ I - _// Vdacn
‘\ P sz dmod

F. Serra Graells
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Feedback DAC Mismatching

Single-stage multi-bit SC flash architecture example:

L R ittt 1 hardwired
A0 binary
/ -
; ! weighted c
s |
’ I
// : dmod o—rF>
, I
s |
I
Ve
Vdac 7 :
Ve

I
/ |
4 |
s |
% I
s |
/ |
, I
/ |
B I
I
Ve 7 !
I
0 ! | | i

N

dmod 27 -1

A Simple digital control
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Feedback DAC Mismatching

Single-stage multi-bit SC flash architecture example:

technology
mismatching
L [ hall)rdwired
0! inary
; i weighted QJ_ Q_L”_Q_L
, | 2 4 2N
|
, : drmod H%}; }; }; "
! o o V]
/ : (Z;;_\?_ FS
Vdac . : =
: | 10g Vijoe
4 |
7 : in-band Pelgrom's Law
s [ .
/ , | l)armonlcs <AC> 1
, o X
i C VWL
Py i SNDR ||
0 | | |
0 dmod 2N -1
A Simple digital control
o . B L og
V¥V Distortion caused by static mismatching 2
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Feedback DAC Mismatching

Single-stage multi-bit SC flash architecture example:

o3} é1
technology —o o—— technology —o o——
mismatching ¥ mismatching ¥
e o _______ I [
Vrs —.  hardwired thermometric
! binary v dynamic v
< | weighted C gee selection | g
Z |
7 | }7 I dimod bin | din | rand
7 | Amod —F—> o> to 7 om
I therm izer
|
Vdac 7 i
: 10g deac IOg Vd2ac
|
| in-band
; : harmonics
/ | .
Z |
|
- | SNDR || SNDR —
0 | | T
0 domod oN 1 in-band
" white noise
V¥ Complex digital control — |
T T ! I
. i : _ BW fs logf BW fs logf
A Low in-band noise by thermometric scrambling 2 2
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Feedback DAC Mismatching

Single-stage multi-bit SC flash architecture example:

¢
technology —o o—
mismatching ¥
__________________________ il
Vis A dynamic
A element
. | matching (DEM)
oN
z |
- : dmod bin dth
2 | > to 4> DWA >
7 | therm .
|
Vdac 7 i
| data-wieghted
: averaging
; |
S |
, |
- : 20dB/dec
) | first-order
0 | | | sh?{)mg
0 dmod 2N —1 ‘
barrel shifting
¥ Complex digital control

A Mismatch shaping by equalizing long-term element selection 2
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Oversampling and Noise Shaping Principles
Architecture Selection Based on Quantization Error
Switched-Capacitor CMOS Implementations
Modeling Circuit Second Order Effects

Digitally Assisted Techniques

| Low-Power Circuit Topologies

Integrated Heterogeneous Systems Design = F. Serra Graells



Delta-Sigma Modulators for ADC Basics Architectures SC  Modeling Assisted  Low-Power

Switched OpAmp (SOA)

Distortion caused by signal-dependent switch on-resistance:

Ch
1 INL/DNL
Zm/m»t Zm/nit directly added
° ° ignal input!
o . to sig inp
'l 'l )
1 1
¢1 51 ¢10 ¢2 f 82 ¢10 ¢2 ‘/z ¢1 sz dmod “‘
‘/inp O—O/o——| }—{/0—4 —Olp —°2P I + a Vdacp
2\ : P2 ; "\
) q q e ARG M o
2 i ¢2i l ¢1(/ ,
]/"mo—o o——| (z)l —O\V ¢1 o—4 —O\V [ - —7 Vdacn
o ¢2 iln ¢, Cu 9 b2 i2n, o sz | dmod
[ [
1 1
Cil Ci2 \
;bt ;Dt quantizer
o non-linearity
) shaped as error
Ch

¥ How to make on-resistance independent from signal for these particular switches?
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Switched OpAmp (SOA)

Moving output switches into OpAmp blocks:

single-ended
circuit version

H close ! : !
¢m = : i :
L open ¢2§| il i

1/ fs
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J. Crols and M. Steyaert

1 Switched-OpAmp: An Approach to Realize Full CMOS Switched-Capacitor
SW|tChEd O pA m p (S OA) Circuits at Very Low Power Supply Voltages
IEEE Journal of Solid-State Circuits 29(8):936-942, Aug 1994
doi.org/10.1109/4.297698

Moving output switches into OpAmp blocks:

o
C.

B

single-ended
circuit version

Q\

|
|
Cs ®2 C, b Rﬁbz
T{ }—R/ h 5 T{ }_a/ >
P2 $1 g N P2 b1 L

[ +

P2

\

<

H | clock| S ‘ |
close ! : i
G = e r‘— A Constant on-resistance for all switches
L open ¢2§| i| |
1/ A Power savings due to 50% OpAmp duty cycle

V¥V Each integrator stage operates in alternative phases
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J. Crols and M. Steyaert

1 Switched-OpAmp: An Approach to Realize Full CMOS Switched-Capacitor
SW|tChEd O pA m p (S OA) Circuits at Very Low Power Supply Voltages
IEEE Journal of Solid-State Circuits 29(8):936-942, Aug 1994
doi.org/10.1109/4.297698

Moving output switches into OpAmp blocks:

o/c

C.
|
|

N E
M6
j_O( C, és Rﬁbz
ano—{ ML M2 }—onp | Lo I;qbz I:¢1 ) ./_\}___
P2 1pias 4 bo

| Fits v
i o

J7 A Constant on-resistance for all switches

Example: single-ended single-stage folded OpAmp A Power savings due to 50% OpAmp duty cycle

B

V¥V Each integrator stage operates in alternative phases
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OpAmp Dynamic Biasing

— O

Discrete time dynamic biasing:

V;)ut (n - 1)

A ﬁqﬁk o wellw LT
Ej I‘\—T Vo[ n2 || —Vip |

| |
Ibzas M:; | | M8

SR 1 \
S| |
GBW 1 C'°;k |2 H  closed
1 | | O
G2 i| i | ! L open B. J. Hosticka
|G| 1 ' ' Dynamic CMOS amplifiers
| I time IEEE Journal of Solid-State Circuits 15(5):881-886, Oct 1980
1 doi.org/10.1109/JSSC.1980.1051488
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Delta-Sigma Modulators for ADC Basics

Architectures

Assisted Low-Power

OpAmp Dynamic Biasing

UAB

Discrete time dynamic biasing:

G‘M3

Vvinn °_{ M1

“ZJ

o

M2 }_Q‘/vznp

s b

SR
GBW 1

GI T

I

b1

P2

| time

——Q

SC Modeling

»

— Q

clock IT |

Integrated Heterogeneous Systems Design

A Synchronous Class-AB
operation

A Static power savings

V¥ OpAmp fast on/off
recovery time required

V¥ Biasing peak value is
technology dependent

V¥ Ripple induced in the
power rails (digital-like)

Ci
| |
L |
a Vout (n — 1)
N ®
Ci
| |
' @
‘/out(n)
_I_
{ H closed
L open B. J. Hosticka

Dynamic CMOS amplifiers
IEEE Journal of Solid-State Circuits 15(5):881-886, Oct 1980
doi.org/10.1109/JSSC.1980.1051488
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