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Lecture 26

ADC Design
— Pipeline
* Noise
Switch Sizing
Bootstrapped Switches
Aperature Uncertainty



Review from last lecture

Power Dissipation

C:LK

! v v v
XL S/H Stage 1 n, Stage 2 12 qee—n Stage k LTk eee—» Stage m
ny n, Nk Nm
<b,> <b,> <b> <b,>
Pipelined Assembler N
(Shift Register Array) " Xour

Capacitor sizing to meet noise requirements

For each stage: P=[V, ¢GBeC ][V, ]

Should capacitor area be allocated to put dominant noise on input
stage or later stages?

If part of the total noise comes from latter stages, size of capacitors on
iInput stage can be reduced

An optimal noise distribution strategy should be followed!



Review from last lecture

Figure of Merit for Comparing Energy
Efficiency of Op Amps

For Single-stage MOS implementation (with ref FD op amp or telescopic cascade op amp)

2eP 1
GB=|~° il
_VDDCL | _VEB |
Architecture Architecture
Independent Dependent
GBeV C |1
FOM — =t FOM"Generic MOS Cascode-Type OpAmp” T V—
2 P | EB1 __|




Review from last lecture

Energy Efficiency of
Popular Single-Stage Op Amps

Basic Single-Stage Diff Amp

Current Mirror Op Amp

Telescopic Cascode

Folded Cascode

Gain-Boosted Telescopic Cascode
Gain-Boosted Folded Cascode

-gm Compensated Single-Stage
Telescopic Cascode Positive Feedback



t lecture
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Review from last lecture
Is the linear settling time proportional to the reciprocal of
the power even if parasitics are considered?

A

GBMAX

Linear with P
C, dominated P

>

No — reach a point of diminishing returns as power Is increased
GByax INdependent of C;

What is a practical point of diminishing returns?

GBCRIT: GBMAX — 1

2 2 2
4 LMIN C + VEBlLMIN C
TRV VA




Is the strategy of MininiZifng V.., to minimize settling

time justifiable even if parasitics are considered?

No — but an optimal value of Vg, can be obtained

GB A

GByax

VEBl,MAX VEBl

1
C.+2d (CSWp T CSWn) N HaCoxp
\ P L?\/IIN u’pC V|52|33

Vv

EBLMAX —

VDD U,



Review from last_lecture

Is the strategy of minimizing Vgg, to minimize settling
time justifiable even if parasitics are considered?

GB A
GByax |
VEBl,MAX VEBl
For large P, obtain
K CXn
Y = Vigs [0
EB1LMAX EB3 Mnc
Substituting into GB,,,x expression, obtain
Moty
VEB3 )
CXnCXp — P




Review from last_lecture
Is the Strategy of mlnlmlzmg VEBl to minimize settllng

time justifiable even if parasitics are considered?

by

GB . = Wrp
MAX
v it 4,/(:chXp
EB1,MAX EB1

If GB,,ax IS not high enough, interleaving may provide a viable solution in a given technology node

\ ALY,

A
Interleave
GB Required—» Region
GBumax| _ o

|

[

I )

[ Linear
__withP
I

P




from last lectur

Improved Energy Efficiency Op
AMmps

Vbp
Vbp |
Vb1
Vemrs M j M{] }_‘_{[MA [i Ms

Vour " [i " Vour" Vour 5 [Z] Vaur

T L T = =TT

o anﬁ‘i M, Mz:]}—v'ﬁ C OR ? C. Vin 4‘ My M2 }7 Vi Co

i 1 ) LJH [

V[ M v, %[;Mg Vgg,‘”_}Mes

Vi2 Ai Mo

For some closed-loop gains the two-stage op amp is more power efficient than the
single-stage Op Amp

See ISCAS 2005 Power Dependence of Feedback Amplifiers on
OpAmp Architecture

Vipul Katyal, Yu Lin and Randall L. Geiger 10



Performance Limitations

=> ADC o
— Break Points (offsets) Kk P A
—> DAC ! :
— DAC Levels (offsets) N =T R N )
« Qut-range (over or under range) = ~ R
e  Amplfier TS
—>— Offset voltages . .

— Settling Time
— Nonlinearity (primarily open loop)
= Open-loop
=> Qut-range
— Gain Errors
—> |nadequate open loop gain
« Component mismatch
=) Power Dissipation "
— KT/C switching noise



/O Power Dissipation

* Driving the output pads can consume
considerable power

For a single bit line

Vin > T Vour
L=

P :fCL VSZUP CL

For an n-bit ADC

P:n . fCLVSZUPCL
Example: if n=14, V¢ ,,=3.3V, C, =5pF, f,,=100MHz, 50% change

P=14 10 0%03.32 e 5E-12=35mW -



/O Power Dissipation

* Driving the output pads can consume
considerable power

For a single bit line

Vin > I CVOUT Vlw—bo_% +>©T Vour
L l CL
P=f V: C P=2f V: C

For an n-bit ADC

P=ne fCLV:UPCL P=2ne fCLV:upCL

Example: if n=14, V¢ ,,=3.3V, C, =5pF, f,,=100MHz, 50% change
P=35mW P=70mW 13



Interstage Amplifiers

Typical Finite-Gain Inter-stage Amplifier
(shown single-ended with 1-bit/stage)

% 0
C
Vink 1 (I)l 2
d 1 1
Veer 0,0,
AMP V_
%7 (|)2d1 v + OUTK
Ideally V. =V (1+ gj -d (g] \Y

Gain =2.00000

14



Clock Phasing and Clock
Generation

(Dz B — C2
- C+C
CD]_ C2 1 2
[ o, —1
Vin N B=
®, ,
\ o Vour
Ci
VRer +
dod, C
J AF82:1+ ; —
L3 C
do, 1
Signal-dependent P
Sampling Seriously
Degrades Linearity if V -| I_
IS not constant during ?.
sampling T TCLK4

Boot-strapping sampling or _ N
bottom-plate sampling needed Flip-Around Amplifier



Clock Phasing and Clock

Generation
®, C
B=—"
c C+C
P, /2 O, ! 2
Vin \ | ®; B =1
4* O]
4 L
\ o VOUT
Cq (I >
VRer _|_
dod, il J A :1+C _ 1
-~ C 5
L T,
9,
Bottom-Plate
Sampling Z _| _I_
T

Must advance @, if

V,\ Is not constant

16
Flip-Around Amplifier



Clock Phasing and Clock
Generation

« lclk —»

S S

c S

Flip-Around Amplifier Clock Timing

Reduces Sampling noise if quiet when @, , transitions



Clock Phasing and Clock

Generation
O]
Cz B — C2
. o I “cxc
Vin BN >, \ Vour B =1
daz dd, l
®1a + C 1
VRer <~ AV J AFBZ:E - E
9, _
4] L
Must advance @, if o

V,\ is not constant

Popular SC Amplifier 18



Clock Phasing and Clock

Generation
O]
C,

o o —f
VN T Vour
Cl AT~ +
N J
9,
Parasitic Sensitive 0, _| |_

Signal-dependent delays S

19



Clock Phasing and Clock
Generation

How is GB determined?

2In(2)(n +1 (to settle to %2 LSB
GB = ( g( u )f derived in Lecture 24)
How are switches sized? (to settle to ¥2 LSB — will be

1 derived later)

R =
* " Cf_2In(2)(n_+1)

May need to use TG switch if large signals present but prefer to avoid !
|

o, o qﬂﬁ




Pipelined Data Converter Design
Guidelines

Issue

ADC offsets, Amp Offsets, Finite Op Amp
Gain, DAC errors, Finite Gain Errors all
cause amplifiers to saturate

Op Amp Gain causes finite gain errors
and introduces noninearity

Op amp settling must can cause errors

Power dissipation strongly dependent
upon GB of Op Amps

Choice of FB Amplifier Architecture
seriously impacts performance

Strategy

Out-range protection circuitry will remove this
problem and can make pipeline robust to these
effects if a,’s correctly interpreted

a) Use Extra Comparators
b) Use sub-radix structures

a) Select op amp architecture that has
acceptable signal swing

b) Select gain large enough at boundary of range to
minimize nonlinearity and gain errors

Select GB to meet settling requirements
(degrade modestly to account for slewing)

Minimize C, use energy efficient op amps, share or
shut down op amp when not used,scale power in
latter stages, eliminate input S/H if possible,
interleave at high frequencies. Good (near optimal)

noise distribution strategy should be followed.

Bottom plate sampling, bootatrapping, clock
advance to reduce aperature uncertainty,critical GB,
parasitic insensitivity needed,  dependent upon
architecture and phase, compensation for worst-
case B, TG if needed 21

Have probably not included the most important issue in these guidelines:



Pipelined Data Converter Design
Guidelines

Issue Strategy

ADC offsets, Amp Offsets, Finite Op Amp Out-range protection circuitry will remove this
Gain. DAC errors. Finite Gain Errors all problem and can make pipeline robust to these

cause amplifiers to saturate effects if a,’s correctly interpreted
a) Use Extra Comparators

b) Use sub-radix structures

=

Op Amp Gain causes finite gain errors 2. a)  Selectop amp architecture that has
and introduces noninearity acceptable signal swing
b) Select gain large enough at boundary of range to
minimize nonlinearity and gain errors
3. Select GB to meet settling requirements
(degrade modestly to account for slewing)

Op amp settling must can cause errors

Power dissipation strongly dependent 4. Minimize C_, use energy efficient op amps, share or
upon GB of Op Amps shut down op amp when not used,scale power in
latter stages, eliminate input S/H if possible,
_ . _ interleave at high frequencies. Good (near optimal)
Choice of FB Amplifier Architecture noise distribution strategy should be followed.

seriously impacts performance 5. Bottom plate sampling, bootatrapping, clock

advance to reduce aperature uncertainty,critical GB,
parasitic insensitivity needed, 3 dependent upon
architecture and phase, compensation for worst-
case B, TG if needed

Correct interpretation of a,’s is critical 6. a) Accurately set a, values 23
b) Use analog or digital calibration



Review

Sampling Noise

{Uns RS5
—E DA
.. C
Vin Vs 2
P
| T
Vs R Vin Un
dVREFH_@ﬁ_/\/\?f/\_'_—iII\L ﬁs < — B = C2
Cl S Vour 2 C1+Cz
+

r

If the ON impedance of the switches is small and it is assumed
that C,=C,=C, Rg,=Rss=Rg,, it can be shown that for C,=C,

V =\/kT+kTR GB
2C 4

IN-RMS

Too much GB or too large of Rg,, can increase sampled noise voltage

Too small of Rg,,, will not derive any benefit and will increase power,
area, and driving problems

GB must be large enough to have complete settling

24



Sampling Noise

« Capacitors introduce no noise

* Noise Is, however, present in switches that
take samples

* This switch noise causes SNR problems in
the amplifier if not correctly managed

26



Sampling Noise

Vour C, —~ Vour
w® -
L N \=
VINC% C. 1~

27



Sampling Noise

v | Vour Rsw Vourt Vour
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Sampling Noise

Cu [ |

29



Sampling Noise

oty /- T\/R_Hj

Vout(KT)
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Sampling Noise

Vour(t) /' T\_'f

Vout(KT)

ML

I

|

e

L

31



Sampling Noise

V»  Rsw
——GF D \\AA—s— Vour
Vin T T~ C
NS

Power spectral density of any resistor, Rg,,, IS given by

S —4TR

VR SW

This is thermal noise and often termed “white”
spectral dissipation is uniform for all f

noise since the

32



Sampling Noise

T(s)

Linear Network —

‘vn (UOUT

Theorem 1 If V,(t) is a continuous-time zero-mean noise source with
power spectral density S,, then the spectral density of VU, ,r is given by the
expression

'S

The RMS value of a continuous-time random variable V(T) is defined to be

V, =E Jlim(ﬁvza)dtj

The RMS value of a random sequence <V(kT)> is defined to be

V. =E \/Iim(liVZ(kT)j

N

(the operator E is the expected value operator) 33

(these definitions apply to non-random signals as well)



Sampling Noise

T(s)

Linear Network —

‘vn (UOUT

Theorem 1 If V,(t) is a continuous-time zero-mean noise source with
power spectral density S,, then the spectral density of VU, ,r is given by the

expression
Svom - ‘T(S) 2s:ja) S

Theorem 2 If V(t) is a continuous-time zero-mean noise voltage with
power spectral density S,, then the RMS value of the continuous-time noise
IS given by

\

o0

V. =.[]S.df

RMS
f=0

Note: There are some parts of the hypothesis of this theorem that have not been stated such as
stationary of the distribution and no correlation between samples spaced T seconds apatrt..

34



Sampling Noise

V»  Rsw

——GF D \\AA—s— Vour

Vin T ~—~ C

35



Sampling Noise

U Rsw

S _AKTR ( 1 | j ——G DN
1+(RCw) Vin

- e

VOUT

~ C

v = ls.a-| |
Recall: V f=0
J =(tan'y) |

4KTR

1+ WRC’

Change of variable: z=wRC, dz=21TRCdf

v ‘/Sdf ‘/

Key Result, Continuous-time noise at V1

36



Sampling Noise

"KT/C" Noise at T=300K

3

2 250
3 150
2 100
0w 50
2 0

0.1

0.25

1 25 10

Capacitance in pF

Since noise is independent of Ve would like to make Ve as large

as possible to minimize C sizing

Scaling to lower supply voltage has a negative impact on capacitor
sizing (scaling supply by 2 requires increasing C by factor of 4 to

maintain SNR)

37



Sampling Noise

Capacitance vs Resolution (Vgge=1V, 1/2 LSB level)

1000000

™ 100000
o 10000
£ 1000
8 100
S 10
-:;; 1
o 0.1
S 0.01
0.001

0.0001

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Resolution

Example: 14-bit ADC C=4.6pF

38



Sampling Noise

Theorem 3 If V(t) is a continuous-time zero-mean noise voltage and
<V(kT)> is a sampled version of V(t) sampled at times T, 2T, .... then the
RMS value of the continuous-time waveform is the same as that of the
sampled version of the waveform. This can be expressed as

n

V =V

RMS RMS

Note: There are some parts of the hypothesis of this theorem that have not been stated such as
stationary of the distribution and no correlation between samples spaced T seconds apatrt..

39



Sampling Noise

Theorem 4 If V(t) is a continuous-time zero-mean noise source
and <V(kT)> is a sampled version of V(t) sampled at times T, 2T, ....

then the standard deviation of the random variable V(kT), denoted as O,
satisfies the expression

Gn — VMS — VRMS

\VJ R

Theorem 5 The RMS value and the standard deviation of the
noise voltage that occurs in the basic switched-capacitor sampler is
related to the capacitor value by the expression

\A/MS =V =0 = k—T
’ C

R

40



Sampling Noise

V»  Rsw

Vin T ~—~ C

NS

v = [T
C

Key Result, Continuous-time
noise at Vq 1

——GE D)W\ —— Vour

Key Result, Discrete-time noise at

VOUT

41



Sampling Noise

But noise is actually a bit worse than simply kT/C

OF
(O] C/:Z o, B _ C2
C =
VILBl ( GG
\ - —
o > = B,=1
VRer +
dod, C 1
— Jj AF82:1+ - =
Lo C. 8
(p Track Track Track Track |T_raCk
(szmd— Hold Hold Hold Hold
Vs Rgs
C —@F]
m@ VUns RSB MN {17:125 C2
V|N_ {vnl RSl —* () V.V V * F_‘I}_i
\/\ > Vv mw Rss Vv Vs |
o ouT d Vrer | | = Vour
1 Cl
* +

Track Mode Hold Mode 42



Sampling Noise

V2 Rso Cs

Uni

. @ AAAA—e| [
\ — Vour
Cq
J-I-

% Vs Rag3
_._C D AAAA—e—

Rs1

RMS Noise Voltage on capacitors C, and C,

1

43



Sampling Noise

{vn5 RSS
—E DA
VN Unos C2
| . C
[ [ \ B — 2
(vn4 RS4 VIN Q)nlls / ’ C +C
dVREF"_@_/\/\/\/\—'_—“ L C — . ?
Vour
Cl T
v
1+(7 +sC (R+R))
C/ +SI:R C +(1+C/ )}s —(R+R,)C,
V. =V, 14+ & —-dV_ A +V. 1= +V.
C, C, "\ C, "
1+RCs
| C C R

/+S[RC+(1+/)} sgR+RIC, ——> ¥ (1+RCs)- (C/ 1+RCS)

~ (C after settled only noise 1 C )

an (1+R5CZS)+V"Z( % (1+R4CIS)) from Rg, and Rgg will be [ 2 Gi 1+ % )}'S @ R5+R4)Cz
C 1 time varying '
1+ /) +s'—(R+R,)C
B C GB' *

+ -
c7+ 1 cy) .1 44
v +s|RC+ 1+ | |+s —-(R+R))C
C. 7l GB C GB(sA)Z



Sampling Noise

Us Rss

—E DA

Vour

_|_

ey (e If the ON impedance of the switches is
vV, =V (1+)—dlvw (Cljwm(cl}w small and C,=C,, it can be shown that
: 2 2 output noise due to both switches is

¥ (1+RCs) (C/ (1+R, Cs)

C/+S[Rc+ (1+C/ﬂ+s = (R+R))C.

_=kTR_GB

45R

where Rg,=Rgs=Rgy



Sampling Noise

{vnS RS5
—E DA
Vin Unas C2
e
Vs Rsa Vi Vs — Cz
dVREF+®—/\/VV\—'——|I “ < — BZ_(: +C
Cl ] Vour 1 2
_|_

J

If the ON impedance of the switches is small and it is assumed that
C,=C,=C, Rg,=Rss=Rg, it can be shown that noise on output is

v = KTRGB
V= 2kT +kTR GB
e~

§ - \/kT kTR GB
e \2C 4

46



Sampling Noise

{vn5 RS5
—E DA
Vi Tnps C2
|/
1|
P9 R Vin Uh
d Vrer 4 A ”F Il}s < — V B = C2
Cl O ouT 2 C1+C2
_|.

-

If the ON impedance of the switches is small and it is assumed
that C,=C,=C, it can be shown that

3 \/ kT kTR GB

_l_
2C 4

IN-RMS

Too much GB or too large of R, can increase sampled noise voltage

Too small of Rg,,, will not derive any benefit and will increase power,
area, and driving problems

GB must be large enough to have complete settling



Switch Sizing

¢ ;

Vin
:‘Dl Ya d
I\ o Vour
Cy
VREF% +
2

Sizing switches for constant input

Consider any first-order RC network
Target Settling: to %2 LSB in time T /2 for worst-case transition

REF

0.5Tcik

52



Switch Sizing

Target Settling: to %2 LSB in time T /2 for worst-case transition

Rsw VREF
I A% Vourt A DNsT +1
T 2 VRer =4~
t
o
_t 1
Vieer Ll_ e Re j =Vrer —Vrer F
t
— 1
€ RC = 2ns-|—+l
(ng; +1)ClIn2 SW —
st feue (Ngr +1)C2IN2 e



Switch Sizing

e
To settle to Y2 LSB in time T, /2 e, - Vour
1 VREFﬁT —+

R = |
" Cf_2In(2)(n_+1) L e

Recall minimum GB requirement (which is usually what will be designed for)

GB - (ng+é)2ln2fm

Eliminating f;, « we obtain

1
RSWCH —
BGB
Define excess switch sizing factor 8 by

' 54



Sampling Noise

Summary of Flip-around SC gain stage o,

)

2 C1+C2 VIN <
)
A =145 E ( i
o

VOUT

2 VRer _|_
o :\/ KT +£ C j?} do, I
..... c+c lerc ) U
8] J7 do,
" CBGB
V,, = \/Zche(“(fj ] { Mow dw
H w(zﬁe)z*‘”ﬂe* ) NBJ
W0 18] 18 ) 1

Often 6<<1 even with minimum sized devices and in this case UV, sx\s IS Negligible

J - KT
C+C. -




Sampling Noise
Two popular SC gain stages

D,

VOUT

Vi t L A k & |- Vour
dq)z L 2 ch

C,
[ OJ)
Vin \
q)l / d
\
Ciy
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Sampling Noise
Basic SC gain stage

o,

Vi t L A k & |- Vour
dq)z L 2 ch

Vin —

VOUT
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Sampling Noise

Basic SC gain stage

(UnA R S4

(a) (b)

It can be shown that

C

00
H

n4

V, =S (Vv +V, )4V
Cz
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Sampling Noise

Basic SC gain stage

Vs Rss
U2 Rsz s
b o CZ%\ _._@_RWL*—{ Vu Rsy KCZ
R N - " o L€ | Vour
WS - PR
g=_C _ 0 ! ol R
= — @) (b)
C+C CBGB
_ C 1
V T:1(\/|N+dVREF+an) Vn4 Cl
S
1+R4Cls+B£1+l+R4C15j

OUT4-RMS e< < l IN-RMS C 60



Sampling Noise

Two popular SC gain stages

®, C C
A, =1+ S
X (;2 ) C C+C
Vin \ ) @
4‘31 d ‘v = kT + CZ (vi .....
< < N-RMS C +C C +C
Vour - : :
C: T
VRer + ° | "
a0, V.. = \/ZKT{HV(BJJ ‘ | 46p o
Jj C]'rr 1-B W' (2[39)2 +? (I:e+ B:| 4eB j+[BJ
J7 - w=0 1-[3 1-8 1-8
do, KT
<<l % “\c+C
o A = Cl B= =
FB - C C1 +C
c e
- R n
O] | ! \ ‘QI»RM = kl + g (vzwﬂm
Vin t t N ®, o Vour S Cl Cl
d®d, qu)z k o, + : i i
2kTO(1-B 1
REF J7 ) | | d
. v... \/CJT ( B J { 1+w'[ (1+6) -26B | +w’ (6B) w
- kT

= [~ 61



Sampling Noise

When is the continuous-time SC noise really of concern?

Recall
GB - (nST+1)2In2]c )
5
\/ﬁ_lv
C - 2n+1
1
 CPGB J

Eliminating GB and C

1

R =
© kT2™"(n_+1)2In2f

62



Sampling Noise
When is the continuous-time SC noise really of concern?

1
R =
" kT2 (n_+1)2In2f

Ry ax(fCLK,N)

Clock Speed
10 100 1K 10K 100K M 10M 100M 1G
4 4. 7E+15 4. 7E+14 4. 7E+13 4. 7E+12 4. 7E+11 4. 7E+10 4. 7E+09 4. 7E+08 4.7E+07
5 9.8E+14 9.8E+13 9.8E+12 9.8E+11 9.8E+10 9.8E+09 9.8E+08 9.8E+07 9.8E+06
6 2.1E+14 2.1E+13 2.1E+12 2.1E+11 2.1E+10 2.1E+09 2.1E+08 2.1E+07 2.1E+06
7 4.6E+13 4.6E+12 4.6E+11 4.6E+10 4.6E+09 4.6E+08 4.6E+07 4.6E+06 4.6E+05
8 1.0E+13 1.0E+12 1.0E+11 1.0E+10 1.0E+09 1.0E+08 1.0E+07 1.0E+06 1.0E+05
- 9 2.3E+12 2.3E+11 2.3E+10 2.3E+09 2.3E+08 2.3E+07 2.3E+06 2.3E+05 2.3E+04
-% 10 5.2E+11 5.2E+10 5.2E+09 5.2E+08 5.2E+07 5.2E+06 522353.4 52235.3 5223.5
9 11 1.2E+11 1.2E+10 1.2E+09 1.2E+08 1.2E+07 1.2E+06 119706 11970.6 1197.1
S:) 12 2.8E+10 2.8E+09 2.8E+08 2.8E+07 2.8E+06 2.8E+05 27624.46 2762.4 276.2
13 6.4E+09 6.4E+08 6.4E+07 6412821 641282.1 64128.21 6412.821 641.3 64.1
14 1.5E+09 1.5E+08 1.5E+07 1496325 149632.5 14963.25 1496.3 149.63 14.96
15 3.5E+08 3.5E+07 3.5E+06 350701.2 35070 3507 350.7 35.07 3.51
16 8.3E+07 8.3E+06 8.3E+05 82517.92 8252 825 82.51792 8.25 0.83
17 1.9E+07 1.9E+06 194834 19483.4 1948 195 19.4834 1.94834 0.194834
18 4.6E+06 4.6E+05 46144.89 4614.5 461.4 46.1 4.614489 0.461449 0.046145
19 1.1E+06 109594.1 10959.41 1095.9 109.6 11.0 1.095941 0.109594 0.010959

20 2.6E+05 26093.84 2609.384 260.9384 26.09384 2.609384 0.260938 0.026094 0.002609



Sampling Noise

What about this one?

®,
> |(;2
0] o O]
2 1
VIN
ch / CDl |
\ o Vour
Cq —
Vrer dd +
2

J7 do,

Series-Parallel Structure

A =7

FB

B="
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Sampling Noise

Cik
v v v v
XiN r r2 Ik
— S/H » Stagel |—2X»| Stage?2 eee— > Stagek eee —» Stagem
Ny Nz Nk Nm
<b,> <b,> <b,> <Dbrn> |«

Pipelined Assembler
(Shift Register Array)

Sampling noise from all stages must be referred back to input !

- =V + 1‘1)2+ 1 +..+
- AT AT AA AT

1 1 2 1 2 n-1

2

|V
V+>| o™
INRMS IN1 el LSS
1

[TA

See Katyal,Lin and Geiger, ISCAS, for capacitor sizing for minimization of noise and power

n Xour
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Sampling Timing

C
q}; % 2 o o, C, .
V‘N—‘ >, ﬁ '—/ Vin %ﬁ i
|/ ®,
IN = M : I ~
C, L= I\ Vour
VREFQ Ci
do, + Vree . +
pal

J; do —
2 i do,

Even numbered stages sampled with ¢, and odd stages sampled with ¢,

Li Tewk —»‘

P,

0 1

Sample S1T s2T S3T S4T S5T S6T S7T
s1s s25 s3s s4s S55 S6S s7s s8s

Second T T T T T T
Sample S1T s2T S3T saT S5T
s1s s2s s3s s4s S5S S6S

Second T T T T
Sample ST S2T S3T
s1s s2s s3s s4s




Sampling Tlmlng

Vour
Vre 4
Li TCLK —

J F
D,

9, |
o. | |

R
Sample ADC1 ADC2 ADC3 ADC4 ADC5 ADC6 ADC7 ADC8
Second T T T T T T
Sample ADC1 ADC2 ADC3 ADC4 ADC5 ADC6
Second T T T T
Sample ADC1 ADC2 ADC3 ADC4

Quiet sampling is important o7



Pipelined Data Converter Design
Guidelines

Issue Strategy

ADC offsets, Amp Offsets, Finite Op Amp Out-range protection circuitry will remove this
Gain. DAC errors. Finite Gain Errors all problem and can make pipeline robust to these

cause amplifiers to saturate effects if a,’s correctly interpreted
a) Use Extra Comparators

b) Use sub-radix structures

=

Op Amp Gain causes finite gain errors 2. a)  Selectop amp architecture that has
and introduces noninearity acceptable signal swing
b) Select gain large enough at boundary of range to
minimize nonlinearity and gain errors
3. Select GB to meet settling requirements
(degrade modestly to account for slewing)

Op amp settling must can cause errors

Power dissipation strongly dependent 4. Minimize C_, use energy efficient op amps, share or
upon GB of Op Amps shut down op amp when not used,scale power in
latter stages, eliminate input S/H if possible,
_ . _ interleave at high frequencies. Good (near optimal)
Choice of FB Amplifier Architecture noise distribution strategy should be followed.

seriously impacts performance 5. Bottom plate sampling, bootatrapping, clock

advance to reduce aperature uncertainty,critical GB,
parasitic insensitivity needed, 3 dependent upon
architecture and phase, compensation for worst-
case B, TG if needed

Correct interpretation of o, s is critical 6. a) Accurately set a, values 68
b) Use analog or digital calibration



7.

Pipelined Data Converter Design
Guidelines

Issue

Sampling operation inherently introduces a
sampled-noise due to noise in resistors

Strategy

Select the capacitor sizes to meet noise requirements.
Continuous-time noise can also be present but is often
dominated by sampled noise. Size switches to meet
settling and noise requirements. Excessive GB will
cause noise degradation in some applications, include
noise from all stages (not just first stage) .
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Bootstrapped Switch

The ideal sampling operation

VOUT

Should track V in the TRACK mode
Should accurately sample V, at transition to HOLD mode
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Bootstrapped Switch

The ideal sampling operation

P,

VOUT Vin

Vin 1 Ch

NS
Single V,-referenced switch

Should track V in the TRACK mode

D,

+

VOUT

-~ Ch

q)1A

NS

Bottom plate sampling

Should accurately sample V, at transition to HOLD mode
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Bootstrapped Switch

The ideal sampling operation

D,

Vour

ViN @ 1~ Ch

| q)1A

il

V.  1+R_Cs

ouT

V., 1+(R+R_+R_,)Cs

e

/

Attenuation
Error

Rswi
SYAYAYA Vourt
— Rs ~— Chy
If linear
Vin Rsw2
N

For high frequency inputs, an attenuation error will occur

Affects absolute accuracy but not linearity

But, if switches are nonlinear, will introduce a
nonlinear error that can be very substantial

Signal dependent Rg,, or switch nonlinearity will _,
introduce nonlinear errors



Bootstrapped Switch

Bootstrapping Principle

Vin
01 01
__~ |
Vbp - E
Cx 1~ 7
I SN
— 01
(Pl Vour
N
Bootstrapped Switch
~T~NCH
v

During phase (I)l C, is charged to Vp and MOS switch is OFF

During phase (I)l C, is placed across V55 and MOS switch is ON

With bootstrapping, Rg,, IS independent of V,
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Bootstrapped Switch

Bootstrapping Principle

01 01 —
L 1
s e | I S S [
Voo K Vb .
Cor ™ Cx T _{ }‘
o ¢1 | E_ (Pl
1 £
Bootstrapped Switch 61 _{[; _l_(pl
N

Conceptual Realization

« May have difficult time turning on some switches
* May stress gate oxide ! 74



Bootstrapped Switch

Bootstrapping Principle

¢
_ E
VDD o |
Cx 1~ b1
I 01
¢1
Switch OFF,
Charpe C |
Track | Thick-Oxide Devices
1.“-"-u-._ ___J‘f
Sample || T
V. - I ) v
Sampling e
Switch

From Galton, ISSCC 04

Note: Signal does not affect turn-on time or voltage of sampling switches
(all relative to VDD or GND)
75



Bootstrapped Switch

Bootstrapping Principle

Vad
s + e [ =
Voo 01 E " LII E M10
Cx 7~ b1 Vgg T =
| Pr | ¢ M4 G
¢1 .
D —— e G D —
Ci=—= c2 a—— M13
0 _l l_ :r __________ 1'
Ms oy B EN
- Mg | oM
3 I |
—_— E
Fig. 7. Boofstrap circuit and switching device.

From Abo and Gray JSC 99
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Bootstrapped Switch

Bootstrapping Principle

From Roberts MWSCAS 2000
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Bootstrapped Switch

Bootstrapping Principle

Vos Yoo
01
_ | P2 @ 4
Vop - E —| MN3 - PIP
o \™ Cﬂlfw
A
| | [ . I
o # hiN2|MNI R\
S ":- MMNES Worr L
.": Mm'r_l_ 1 L
| -
' -- ——--!:JMNTS MNS‘_I

B
A Musw T ] D

Fiz. 7. Transistor-level implementation of the bootstrapped switch.

From Kaiser JSC 2001
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Bootstrapped Switch

Bootstrappi

01

_ |
Vbb K_ E Viop

Cx 1~ b1

_‘ (P1_

01

i L

Figure §: Bootstrapped switch.

From Steensgaard ISCAS 1999
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Pipelined Data Converter Design
Guidelines

Issue Strategy

ADC offsets, Amp Offsets, Finite Op Amp Out-range protection circuitry will remove this
Gain. DAC errors. Finite Gain Errors all problem and can make pipeline robust to these

cause amplifiers to saturate effects if a,’s correctly interpreted
a) Use Extra Comparators

b) Use sub-radix structures

=

Op Amp Gain causes finite gain errors 2. a)  Selectop amp architecture that has
and introduces noninearity acceptable signal swing
b) Select gain large enough at boundary of range to
minimize nonlinearity and gain errors
3. Select GB to meet settling requirements
(degrade modestly to account for slewing)

Op amp settling must can cause errors

Power dissipation strongly dependent 4. Minimize C_, use energy efficient op amps, share or
upon GB of Op Amps shut down op amp when not used,scale power in
latter stages, eliminate input S/H if possible,
_ . _ interleave at high frequencies. Good (near optimal)
Choice of FB Amplifier Architecture noise distribution strategy should be followed.

seriously impacts performance 5. Bottom plate sampling, bootatrapping, clock

advance to reduce aperature uncertainty,critical GB,
parasitic insensitivity needed, 3 dependent upon
architecture and phase, compensation for worst-
case B, TG if needed

Correct interpretation of o, s is critical 6. a) Accurately set a, values 30
b) Use analog or digital calibration



Pipelined Data Converter Design
Guidelines

Issue

Sampling operation inherently introduces a
sampled-noise due to noise in resistors

Signal-dependent tracking errors at input
introduce linearity degradation

Strategy

Select the capacitor sizes to meet noise requirements.
Continuous-time noise can also be present but is often
dominated by sampled noise. Size switches to meet
settling and noise requirements. Excessive GB will
cause noise degradation in some applications, include
noise from all stages (not just first stage) .

Bootstrapped switches almost always used at input
stage. Must avoid stressing oxide on bootstrapped
switches
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