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Lecture 23

ADC Design

— Pipeline



Review from last

lecture

Pseudo-Static Time-Invariant Modeling
of a Linear Pipelined ADC

Parameterization of Stage k
Amplifier
*Closed-Loop Gain
*From input — m1k
*From DAC — m2k
*From offset — m3k
-Offset Voltage - Vg
*DAC
*Vbacki
*ADC
*Offset Voltages - Vgai
*QOut-Range Circuit (if used and not
included in ADC/DAC)
*DAC Levels - Vpacgki
Amplifier Gain — m4k

V Nk s VResk
ADC
DAC
JANIAN Y
n, o — VREF
Do



Review from last lecture

Solution of the 2n Linear Equations

m m m,,
Vin: d1 EZIJVDACI "'dz [ = jVDACZ +.. "’d [ 2 jVDACn +
m, m;,m, m; my,...m,

Term involving
m m
31 32
+ V031 T osz VOSn
12 m,,m

digital output codes
my, m;,m,,

& Code-independent
Vs, \/A L offset term

+{ o 2n+1 J
ml lmlzll.mln

Code-dependent but can be bounded
by 5 LSB with out-range strategy °

Note: Will not even include last residue amplifier nor create Vgeq,

Note: ADC errors do not affect linearity performance of pipelined structure but
DAC outputs and weights are critical



Review from last lecture

Pseudo-Static Time-Invariant Modeling
of a Linear Pipelined ADC

VREF

If more than 1 bit/stage is used and DAC is binarily-
weighted structure

-mV +m (z dV ) +m V

RESk =1 Kj 3k OSk



Review from last lecture

| Flash 1

S/Ho ADC; ’

Claim: If the Amplifiers are linear, settling is complete, and over-range

+
pac; »=( ) b
nq

MSB

Pipelined ADC

S/H,

S/H;

v

Flash
ADC;

+
Flash -
Ll o » B>
n2

CLKS

t
Ciks

Tm

S/Hm

Digital Assembler

protection is provided, the pipelined ADC makes no nonlinearity errors if the

output of the DACs are correctly interpreted

Implication: Flash ADC errors, offsets in comparators and amplifiers, and gain
errors in amplifier and S/H do not degrade linearity performance of a well-
designed pipelined ADC structure !!



Review from last lecture

Observations

V. = Zakdk + floflset) + f{residue)
k=1

m,,

k
I [my
j=1

Substantial errors are introduced if o, are not correctly
interpreted!

Some calibration and design strategies focus on
accurately setting gains and DAC levels

Analog calibration can be accomplished with either DAC
level or gain calibration

Digital calibration based upon coefficient identification
does not require accurate gains or precise DAC levels

formof o, : Ve



Review from last lecture

Observations (cont)
V. = Zakdk + floflset) + f{residue)
k=1

m,,

k
I [m,
j=1

formof o, : Vpack

 If nonlinearities are avoided, data conversion process
with a pipelined architecture is extremely accurate

« Major challenge at low frequencies is accurately
iInterpreting the digital output codes



Review from last lecture

Observations (cont)
V. = Z:ockdk + floflset) + f{residue)
k=1

m,,

k
I [m,
j=1

formof o, @ Vpack

 If nonlinearities are present, this analysis falls apart
and the behavior of the ADC is unpredictable !



Intuitive View of Why Sub-ADCs do Not Cause
Nonlinearity Errors

+ + +
X Flash | _ Flash - - | Flash
e S, | ADG, | pac, »=() SIH; e pac; »>={ ) SH, pac; »>={ ) con S/Hm oo
f f nz f ns M

n T
CLTKO Cura MSB Cik2 Cues Cika Ciks

‘ Digital Assembler ‘_.n_)ﬁm

Claim: If the Amplifiers are linear, settling is complete, and over-range

protection is provided, the pipelined ADC makes no nonlinearity errors if the
output of the DACs are correctly interpreted

for 1 bit/stage m m m \V
V. o=<d,|| & |V, |+d 2\, |+..+d 2n Voo [+—REEL 4V o +e
in { 1 |:( m11 \] REF:| 2 |:(m11m12 j REF:| n |:£m11m12“.m1n j REF 2n+1 OSEQ

— ADCs determine whether a quantity is or is not subtracted from Vg at each stage
but the DAC determines how much is subtracted

— Keep subtracting smaller-and-smaller quantities from V,y until residue is approx. O
at end of last stage (and error caused by last sub-ADC will be small)

— If we know how much is subtracted from V, until residue vanishes, we know V,,

— Qver-range protection recovers errors caused by subtracting too much or too little



Performance Limitations of Pipelined ADCs
(consider amplifier, ADC and DAC issues )

ADC

— Break Points (offsets) Kok

DAC

— DAC Levels (offsets) .
+ Out-range (over or under range) “w«

Amplifier

— Offset voltages

— Settling Time

— Nonlinearity (primarily open loop)
* Open-loop
* QOut-range

— Gain Errors
* |Inadequate open loop gain
« Component mismatch

— Power Dissipation

— KT/C switching noise

A

10



Performance Limitations of Pipelined ADCs
(consider amplifier, ADC and DAC issues )

=) ADC
— Break Points (offsets)
== DAC !
— DAC Levels (offsets)
« Qut-range (over or under range)
* Amplifier
mm)- Offset voltages
— Settling Time
— Nonlinearity (primarily open loop)
* Open-loop
m=) QOut-range
=) Gain Errors
* |Inadequate open loop gain
« Component mismatch
— Power Dissipation
— kT/C switching noise

|
Dav
A

11



1.

Pipelined Data Converter Design
Guidelines

Issue Strategy

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

12



Review — preparing for calibration :

Interstage Amplifiers
Typical Finite-Gain Inter-stage Amplifier

(shown single-ended with 1-bit/stage)

0 b
C
Vink— . (I)l ?
C ¢
d | !
v b,
AMP —
— + VOUTk
¢,d; v
|deally V.=V (1 +g] -d (gj V_

Gain =2.00000

13



Review — preparing for calibration :
Interstage Amplifiers

Xink E Amp
|deal transfer characteristics (1 bit/stage) L 5
[ 3 NS
VR« M ¥ Ci = i L g
d TVREF
VR e e !
Stnz k Stelxggulzﬂ Stalg;; |E+2

Ve Input VR«



Review — preparing for calibration :
Interstage Amplifiers

X E Amp XouTk
|deal transfer characteristics (1 bit/stage) L 5
A -,
cw | O [+ ] 8
d TVREF

Ve Input VR«

But what really happens?
16



Review — preparing for calibration :
Interstage Amplifiers .

Xink i Amp 4E_>

|deal transfer characteristics (1 bit/stage)

.....................

What are the effects of these errors?

di TVREF

\ /

VR+
=
o
b=
@

>
) VR_ >
VR Input Vee Vr- Input VR«

Effects of Simultaneous Errors



Review — preparing for calibration :
Interstage Amplifiers

Xink : Amp 45_2(0“'(
|deal transfer characteristics (1 bit/stage)
What are the effects of these errors? ‘ .....................
Ak TVREF

A
VR+ VR+
>
O , O E
: Vi
Vk- Y > @ Input
R- Input VRr+

18



Review — preparing for calibration :

Interstage Amplifiers

e/
|deal transfer characteristics (1 bit/stage)
. 2
Over-range Protection 3
Vr =
VR+ G G Vr Input Vr+
-m.--..."’_'::-v::.;l "~~~-.__~._:::=.-::;]
Y ‘¢”' :: --------- ’
>l S
VR b fl """""""" EI
npu |nput |nput
Stage k Stage k+1 Stage k+2

Extra comparator levels in ADC

19



Review — preparing for calibration :

Interstage Amplifiers

P/
|deal transfer characteristics (1 bit/stage) .
Over-range Protection )
L I
gy
Ve T R

Extra comparator levels in ADC (1 extra comparator) 20



Review — preparing for calibration :

Interstage Amplifiers

|deal transfer characteristics (1 bit/stage)

Output

Over-range Protection

Extra comparator levels in ADC (2 extra comparators)

Input

Vi

21



Review — preparing for calibration :

Interstage Amplifiers

|deal transfer characteristics (1 bit/stage)

Over-range Protection
VR+

Output

Input VR+

. 22
Extra comparator levels in ADC (2 extra comparators)



Review — preparing for calibration :

Interstage Amplifiers

Ve L / /
|deal transfer characteristics (1 bit/stage) .
Over-range Protection )
VR+ --------------------------------------------------------------- R- Input R+
\V/SS W WCEEE
Input Input Input
Stage k Stage k+1 Stagz k+2

Sub-radix Structure

23



1.

Pipelined Data Converter Design
Guidelines

Issue

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

1.

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

24



Pipelined Data Converter Design
Guidelines

Issue Strategy
ADC offsets, Amp Offsets, Finite Op Amp 1. Out-range protection circuitry will remove this
Gain, DAC errors, Finite Gain Errors all problem and can make pipeline robust to
cause amplifiers to saturate these effects if a,’'s correctly interpreted

a) Use Extra Comparators

b) Use sub-radix structures
Correct interpretation of a,’s is critical 2. a) Accurately set a, values

b) Use analog or digital calibration

25



Performance Limitations of Pipelined ADCs
(consider amplifier, ADC and DAC issues )

=>ADC
— Break Points (offsets)
—= DAC !
— DAC Levels (offsets)
« Qut-range (over or under range)
* Amplifier
= Offset voltages
— Settling Time
— Nonlinearity (primarily open loop)
mm) « Open-loop
—>« Qut-range
—» Gain Errors
* |Inadequate open loop gain
« Component mismatch
— Power Dissipation
— kT/C switching noise

|
Dav
A

26



Amplifier Types used In Pipelined ADCs

Two-stage
Cascode

— Telescopic
— Folded

Regulated Cascode (Gain-boosted Cascode)

— Telescopic
— Folded

Regenerative Feedback Gain Enhancement
Two-Stage Cascode

27



Two-Stage

|VDD
i
\| Vour
Vi c
VIQ“KNH MZZ]F N ¢ i~ CL
r -
Vszl'KMg VBQ—'K Me
Vss

Single-Ended Output

28



Two-Stage

A

/|

V52—¢ [: Mg

Fully Differential

29



Two-Stage

VDD

\/
A

VBB

Fully Differential

30



Telescopic Cascode

Voo

o7 s

N V,, o
Q5 - Qo6

| \V/ N Vout
Q3 b3 K

Vi++ [Ql Q2 ] %Vi-
Voo |1, Q9
\/

CMFB Not Shown

31



Folded Cascode Amplifier

*Vpp
Q9 Vb1 JQIO
Q7 }
N Vi2 o
oo Yout
Vit Qi Q2| Vi | |
Q5 Q6
!
Q3. Q4
011 ] Vs Vs

V

CMFB Not Shown

32



Gain-Boosted Telescopic Cascode

\|/DD
Q7 | - Q8
Q5 b2 {> Q6
B : A4 | Vout

4]
iy

1

Vit Q1 Q2 | Vi-

Vb3

+
4
>1; Q

2

t
!

[Bult — JSSC-Dec 90] Vo, Q9

v 33
CMFB Not Shown



Gain-Boosted Folded Cascode

Vi++ [

Ql

Q11

] Vb6

Q2 ] %Vi-

VDD
Q7 | ——— s
Loy [~
o5 TG, Q0
3 } o YOU
|:< Vb3 >
3L IR

/®)
=

s

Q2

|

CMFB Not Shown 34



-0, Compensation Implementation

(12)g,,
AVO = ~
802 T804 T 806186 ~8ma

A(S) — (1 /z)gml
SC +[802+ 804+ 806+ 86 — &inal

35



-gm Compensated Single-Stage

¢Voo

o @l e ol

—.—/\'K o— Vour
Vi-- | QI Q2 || Vit TG
® \/
Vb1 ._{ [Q7
\V4

CMFB Not Shown 36



Two-Stage Cascode/Cascade

leD
e o1
QSA Vb2 FQ6 C —® Vout
[ A m \C RC
Vv | AVAVAVE |
N 7 C. Re m
Vit | Q1 Q2 | Vi- Q10 QI | —
Vi Q9 Vs Q9
Vi Vi

[Park — ISSCC 2001]

CMFB Not Shown 37



Amplifier Nonlinearity Becoming
Increasingly Significant as V5 Reduced

Comparison of amplifiers at same power
level and same Vg

- j ] e Drop in gain
/ \ 7| seriously degrades
/ linearity and
/ / spectral
5 7& performance

* Nonlinearity strongly architecture dependent 38
 Trade-Offs between Gain and Signal Swing



How Much Gain?

Depends upon how much of the overall error budget is allocated to
the effect noninfinite gain has on required performance parameters

If require n ENOB,, can the 2 LSB error be allocated to effects of op amp gain
error?

e.g. If INL specification of a 12-bit ADC is 2 LSB, can 2 LSB be allocated
to the noninfinite gain error?

Sources that may contribute to INL errors in pipelined ADC:

Finite Op Amp Gain

Capacitor Missmatch

Incomplete amplifier settling

Amplifier nonlinearity

Input S/H error

Parasitic capacitance nonlinearity
Offset voltage (in ADC, DAC, summer)
DAC errors

ADC nonlinaritry

39



Error Budgeting

Sources that may contribute to INL errors in pipelined ADC:

Finite Op Amp Gain

Capacitor Missmatch

Incomplete amplifier settling

Amplifier nonlinearity

Input S/H error

Parasitic capacitance nonlinearity
Offset voltage (in ADC, DAC, summer)
DAC errors

ADC nonlinaritry

If entire error budget (e.g. /2 LSB) is allocated to the Finite Op Amp Gain, what
error budget must be allocated to all remaining contributors?

What will happen if each error source is allocated an error budget of (e.g. /2 LSB)?
How should the error sources contribution to overall error budget be allocated?

Ze, = %LSB (maybe a little bit overly conservative)
i=1 40



What type of error budget is used by industry?

Is ENOB equal to the specified number of bits of resolution?
|s it easy to add one additional ENOB of resolution to a given design ?

Why is the ENOB often less than the specified number of bits?

Will consider one example only, others may have ENOB closer or farther from
specified resolution



INL-based ENOB

ENOB = nr-1-logs (v)

Consider an ADC with specified resolution of ng and INL of v LSB

v ENOB
2 Ng

1 Ng-1

2 Ng-2
4 Ng-3
3 ng-4
16 Ng-5

Though based upon the continuous-INL definition,
often used to define ENOB from INL viewpoint



ANALOG 16-Bit, 200 MSPS/250 MSPS
DEVICES Analog-to-Digital Converter

$120 in 1000’s AD9467

FEATURES FUNCTIONAL BLOCK DIAGRAM
75.5 dBFS SNR to 210 MHz at 250 MSPS e B e aevToaa (e
90 dBFS SFDR to 300 MHz at 250 M5PS "._." . Cr O csn
SFDR at 170 MHz at 250 M5PS ADS4ET —

92 dBFS at -1 dBFS BEEFER SCLK

100 dBFS at -2 dBFS VIN+ Eﬁ = PIPELIHE;aL 2

fs & WIN= L~  ADC VDS OR#IOR-
60 fs rms jitter outeur | 1841015
Excellent linearity at 250 MSP5 STAGING T
. D+D0=

MANAGEMENT
: ) ult) differential full-scale
input (programmable) i
Integrated input buffer AGH
External reference support option
Clock duty cycle stabilizer ENOB =nr-1-logy(v)=16-1-1.85=13.15
Output clock available
Serial port control

IL =-1_3; LSBtypca |ng(3 . 5 ) - 1 . 8 5 :::: AH‘EIL:::'I{HG |E’EF| z DCOHDCO-

[LL LR U]

o
li] KVREF DRGND
Figure 1.

uilt-in selectable digital attern generation . .
Selectuble output damformat o Is this close to 16-bit
LVDS outputs (ANSI-644 compatible) performa nce?

1.8V and 3.3 V supply operation

A data dock output (DCO) for capturing data on the output is

APPLICATIONS provided for signaling a new output bit.
:::::;r:rr;mu:::x: el rocaiwers The internal power-down feature supported via the SPI typically
yP g consumes less than 5 mW when disabled.

Power amplifier linearization

Broadband wireless Optional features allow users to implement various selectable

Radar operating conditions, including input range, data format select,
Infrared imaging and output data test patterns.
Communications instrumentation The AD9467 is available in a Pb-free, 72-lead, LFCSP specified

over the —40°C to +85°C industrial temperature range.




Can we depend on this “13-bit” INL performance?

SPECIFICATIONS

AVDDI1 = 1.8 V, AVDD2 = 3.3 V, AVDD3 = 1.8 V, DRVDD = 1.8 V, specified maximum sampling rate, 2.5 V p-p differential input, 1.25 V
internal reference, AIN = —1.0 dBFS, DCS on, default SPI settings, unless otherwise noted.

Table 1.
Parameter’ Temp Min Typ Max Unit
RESOLUTION 16 Bits
ACCURACY
No Missing Codes Full Guaranteed
Offset Error Full —200 0 +200 LSB
Gain Error Full -39 -0.1 +2.6 %FSR
Differential Nonlinearity (DNL)? Full | po—wtrs=——is | LSB |Og ( 12 ): 3.58
Integral Nonlinearity (INL)? Full ( -12 +3.5 +12 ‘SB 2
TEMPERATURE DRIFT N y
Offset Error Full \10'077/ %FSR/°C
Gain Error Full +0.036 %FSR/°C
ANALOG INPUTS
Differential Input Voltage Range (Internal VREF =1V to 1.25V) Full 2 25 25 Vp-p
Common-Mode Voltage 25°C 215 V
Differential Input Resistance 25°C 530 0]
Differential Input Capacitance 25°C 35 pF
Full Power Bandwidth 25°C 900 MHz
XVREF INPUT
Input Voltage Full 1 1.25 V
Input Capacitance Full 3 pF
POWER SUPPLY
AVDD1 Full 1.75 1.8 1.85 v
AVDD2 Full 3.0 33 36 v
AVDD3 Full 1.7 1.8 19 v
DRVDD Full 1.7 1.8 1.9 '
|avop1 Full 567 620 mA
lavopz Full 55 61 mhA
lavooa Full N 35 mA
|orvoo Full 40 43 mA
Total Power Dissipation (Including Output Drivers) Full 1.33 15 w
Power-Down Dissipation Full 44 20 mw

1 See the AN-835 Application Note, Understanding High Speed ADC Testing and Evaluation, for a complete set of definitions and how these tests were completed.
* Measured with a low input frequency, full-scale sine wave, with approximately 5 pF loading on each output bit.

ENOB =nR-1-logs (v)=16-1-3.58=11.42

From INL viewpoint, performance of marketed parts could be

about 4.5 bits

less than physical resolution but does have other attractive properties



AC SPECIFICATIONS

AVDDI = 1.8 V, AVDD2 = 3.3 V, AVDD3 = 1.8 V, DRVDD = L8 V, specified maximum sampling rate, 2.5 V p-p differential input,
1.25 V internal reference, AIN = —1.0 dBFS, DCS on, default SP1 settings, unless otherwise noted.

Table 2.
Parameter’ Temp | Min Typ Max | Unit
ANALOG INPUT FULL SCALE 25 225 Vep
SIGNAL-TO-NOISE RATIO (SNR)
f=5 MHz 25°C 74.7/76.4 dBFS
=97 MHz 25°C 745/76.1 dBFS
o = 140 MHz 25 74.4/76.0 dBFS
o= 170 MHz 25°C | 737 743/758 dBFS
Full | 715 dBFS
fin =210 MHz 25°C 74.0/755 dBFS
fi = 300 MHz 25°C 733/746 dBFS
SIGNAL-TO-NOISE AND DISTORTION RATIO (SINAD)
fo= 5 MHz 25 74.6/76.3 dBFS
o= 97 MHz 25°C 744/76.0 dBFS
fi = 140 MHz 25°C 744/76.0 dBFS
i = 170 MHz 25°C | 724 7424758 dBFS
Full | 710 dBFS
o= 210 MHz 25°C 73.9/754 dBFS
T = SO0 TR =T FERTpL ]
EFFECTIVE NUMBER OF BITS (ENOB)
i = 5 MHz . . 25°C 121/124 Bits
fn=97MHz  ® Can be defined different ways 25°C 1214123 Bits
fin = 140 MHz . . 25°C 121/123 Bits
oo ONly given as typical 257 1200123 Bis
o Full | 115 Bits
m-zome © ONly specified at 25C 25 120122 -

fie = 300 MHz 25°C 118121 Bits

fe = 5 MHZ 25%C 9B/97 dBFS

fu= 97 MHz 25°C 95/93 dBFS
fisa = 140 MHz 25°C 94/95 dBFS
fin =170 MHz 25°C | 82 93/92 dBFS

Full a2 dBFS
foe =210 MHz 25°C 93/92 dBFS
fisa = 300 MHz 25°C 93/90 dBFS

SFDR (INCLUDING SECOND AND THIRD HARMONIC DISTORTION)
fi =5 MHz at =2 dB Full Scale 25°C 100/100 dBFS
fri=97 MHz at =2 dB Full Scale 25°C a7fe7 dBF5
fin = 140 MHz at=2 dB Full Scale 25°C 100/95 dEF5
fis = 170 MHz at =2 dB Full Scale 25°C 100/100 dEF5
fi = 210 MHz at =2 dB Full Scale 25°C 93/93 dBFS
fis = 300 MHz at =2 dB Full Scale 25°C 50/90 dBFS
WORST OTHER (EXCLUDING SECOND AND THIRD HARMONIC DISTORTION)

fin =5 MHz 25°C 98/97 dBFS
fu=97 MHz 25°C 97/93 dBFS
fi = 140 MHz 25°C 97195 dBFS
fo =170 MHz 25°C | BB 97/93 dBFS

Full 82 dBFS
fis =210 MHz 25°C 97/95 dEF5

fiwe = 300 MHz 25°C 97/95 dBF5




How Much Gain?

Conventional Approach: Assume want to make at most 72 LSB error in
closed loop gain at each stage

Often see authors use AdB ~ 6nST + 12

Gives no information about drop in gain at boundary of input/output window
Not dependent upon architecture ?

Maybe uses too much error budget on gain

Errors accumulate since gain errors will exist on each stage

No indication how A relates to INL or DNL

Gain requirements are large on the input buffer (ngy=n) but will be significantly

relaxed on latter stages in the pipeline when ng; decreases

48



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

1.

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

49



Performance Limitations of Pipelined ADCs
(consider amplifier, ADC and DAC issues )

—> ADC
— Break Points (offsets)
—> DAC !
— DAC Levels (offsets)
« Qut-range (over or under range)
* Amplifier
—y Offset voltages
mm) Settling Time ! Vrer
— Nonlinearity (primarily open loop)
= Open-loop
—>« Qut-range
—» Gain Errors
* |Inadequate open loop gain
« Component mismatch
— Power Dissipation
— kT/C switching noise

|
Dav
A

50



Amplifier Settling Time

XINk

CLK

dk

t=0 ts

Can show that no distortion is introduced in pipelined ADC if the amplifier
settling is linear (i.e. don’t worry about incomplete settling)

But invariably slew rate and op amp nonlinearities will cause settling to be
nonlinear

Since can’t guarantee linear settling, must design for complete settling
51



Amplifier Settling Time

XINk

Worst Case Settling &

dk

* Neglect over-range protection (could be up against over-range limit)
* Occurs when input causes output to swing from 0 to Vg,

VRe —@ e e ?
Vieer =Vr, — Vi
Vr- T) ————————————————————————————————— e 3
nput Input In
put
Stage k Stage k+1 Stage k+2

52



Settling Time

Conventional Approach: Assume want to make at most 72 LSB error in
settling for worst-case step on output in each stage

Note: This may not be quite good enough since allocating total error budget to
settling of each stage

Compensated Operational Amplifier can be approximately modeled by

Ap. GB

A(9)=20 =0 .



Settling Time

Conventional Approach: Assume want to make at most 2 LSB error in

settling for worst-case step in each stage
4 Vour

VRer —
(1-€)Vrer —

A B
A, (s)= AP, _ G A.(s)= AP, ~ B
stp, s*p, s+p,*+ PAp, s+BGB
Step response (if slewing is neglected and dc gain large)
r(t)=F+(I-F)e™ ¢ __In(¢)
V., (1-8)=V., (1) | RGB
REF RE or, in terms of the time constant T of
1-£=1-e™ closed loop amplifier

g=e" t. =—7In(¢) 54



Settling Time

Conventional Approach: Assume want to make at most 72 LSB error in
settling for worst-case step in each stage

Define ng to be the number of bits of resolution at the residue output of a stage

4 Vour

Step response (if slewing is neglected)

VRer
1 (1-€)Vrer —

= In() = —.693(n, +1)
2nST+1

t. =0.7(n, +1)7

* linear increase in settling requirements with ng;
* ngrdetermined by accuracy requirements at residue output of a stage

Still need design requirements for GB of Op Amp
0.7(n_+1)
S BGB 55

.
12




Settling Time

Conventional Approach: Assume want to make at most 2 LSB error in
settling for worst-case step in each stage

4 Vour

Step response (if slewing is neglected)

VREF —
(I‘S)VREF —

Design requirements for GB of Op Amp
0.7(n_+1)

S = Tavp

BGB e

1 s | |

T
t=t = o= R
S AMP 2 2fCLK TCLK

GB = 1.4(EST+1)fCLK GB = 0.22 (BnST+1)fCLK

Note: GB requirements drop from stage to stage 56

t




Settling Time

Conventional Approach: Assume want to make at most 2 LSB error in
settling for worst-case step in each stage

(1-&)Vrer — | /
i

Compensated Operational Amplifier can be approximately modeled by
_Ap GB
- Stp,  s*p,

What about high-impedance op amp?

|

A(s)

Y



Settling Time

Conventional Approach: Assume want to make at most 2 LSB error in
settling for worst-case step at each stage

4 Vour

VREF —
(I—S)VREF —

t

t=0 t,

What about high-impedance op amp driving capacitive load (including B network)?

g C C 58



Settling Time

Conventional Approach: Assume want to make at most 2 LSB error in

settling for worst-case step A Vour
VRer —
(1-&)Vrgr — |
What about high-impedance op amp?
V ' [
IN Vour v
- ImVIN o | ~ C,
3 AT~ CL -
~ a=% pw=2 GB=Y
g, C C
9 - 9 GB

A = - ~ =
- sC+g+pg ~sC+PBg s+pGB

Note this is identical in form to that from the internally compensated op amp 59



Settling Time

Conventional Approach: Assume want to make at most 2 LSB error in
settling for worst-case step

A Vour

Step response (if slewing is neglected) v
(1-&)Vrer et
Design requirements for GB of Op Amp apply

to both compensated two-stage structures and

high output impedance single-stage structures

- 0.7(n_+1) T

-~ BGB s | |
t = ~ TCLK = 1 — TCLK4>‘

S AMP T 2 2f

CLK

GBRPS ; 1 .4(nST+1) fCLK HZ CLK
3 3

Notes: May be over-using error budget 60
Slewing will modestly slow response




Pipelined Data Converter Design
Guidelines

Issue Strategy
ADC offsets, Amp Offsets, Finite Op Amp 1. Out-range protection circuitry will remove this
Gain, DAC errors, Finite Gain Errors all problem and can make pipeline robust to
cause amplifiers to saturate these effects if a,’'s correctly interpreted

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

Op Amp Gain causes finite gain errors 2. a) Select op 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

Op amp settling must can cause errors 3. Select GB to meet settling requirements
(degrade modestly to account for slewing)
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