PW&E E'“RSJAJ E Department of Electrical and Computer Engineering

Pipelined Analog-to-Digital
Converters

Vishal Saxena, Boise State University
(vishalsaxena@boisestate.edu)

Vishal Saxena -1-



Multi-Step A/D Conversion Basics




Motivation for Multi-Step Converters

o Flash A/D Converters
= Area and power consumption increase exponentially with
= number of bits N
= |mpractical beyond 7-8 bits

o  Multi-step conversion-Coarse conversion followed by fine
conversion

= Multi-step converters

= Sub-ranging converters

o  Multi step conversion takes more time
= Pipelining to increase sampling rate

o  Objective: Understand digital redundancy concept in multi-step
converters
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Two-step A/D Converter - Basic Operation

Vin M+K
— S/H i g
2™.1 comparators K
f—
M
A/D1
M T
e Total resolution N = M+K = k [LTIT]
Ve (B Ve Digital output n = 2“m+k @ concatenation
m k

Second A/D quantizes the quantization error of first A/D converter
Concatenate the bits from the two A/D converters to form the final

output
0  Also called as two-step Flash ADC
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Two-step A/D Converter - Basic Operation

o A/D1, DAC, and A/D2 have the same range V.

o  Second A/D quantizes the quantization error of first A/D
= Use a DAC and subtractor to determine residue V,
= Amplify V, to full range of the second A/D

o  Final output n from m, k M+K .
=  A/D1 output is m (DAC output is m/2MV ) K )
= A/D2input is at ki transition (k/2KV ) Y I a—
=V, = kK2KV  x 12M + m/2MV - E 5
=V, = (2Km + K)2MHKY o

0 ResolutionN=M + K concatenation

= output=n=2m+Kk
»  Concatenate the bits from the two A/D converters to form the final output
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Two-step A/D Converter — Example with M=3, K=2

q y q A
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c < ! | £ 0
E "6 | :
. Visez [ !
Viser - :! :
| 1
Vi 14 14 14 L 14 l{ | - I | I |
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transition points
of the overall A/D

o  Second A/D quantizes the quantization error of first A/D

o Transitions of second A/D lie between transitions of the first, creating
finely spaced transition points for the overall A/D
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Residue Vq

size of discontinuity

= D/A step size
slope=1

N

location of discontinuities
=A/D1 transition points

Vin

al
BIn

a  V,vs.V,: Discontinuous transfer curve
=  Location of discontinuities: Transition points of A/D1
=  Size of discontinuities: Step size of D/A
=  Slope: unity
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Two-step A/D Converter—Ideal A/D1

V 2"y
q i q A
Vref -+ Vref -+ 1
3V, /4 |
=
& o
V. 2. =9
%
V4 |
Viser 1
2 Vin < Vin
< N s s 0 PN o < N %
= '_-c: 1§@" o I-_:'.: Igg
. < - <
» @
o o

o A/D1 transitions exactly at integer multiples of V,; /2M
0 Quantization error V, limited to (0,V, /2Y)
o 2MV, exactly fits the range of A/D2

Vishal Saxena -8-



Two-step A/D converter—M bit accurate A/D1

v A/D2 overload
q
A
Vit + o ideal transitions [
| actual transitions
ik}
&)
=
m o
=0
a2l
£ 0
Viser 4 :] : ] .1,
r
V; i
‘:S e E:: m n
=N A/D2 overload

[1-,2INA

o A/D1 transitions in error by up to V,; /2M*1 (= 0.5 LSB)
0 Quantization error V, limited to

= (—V 2V 3V, M) —a range of V, /2MT
a  2MV, overloads A/D2
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Two-step A/D with Digital Redundancy (DR)

|
2%1 comparaiors . 2 T K
M
AD1 D/A Vo e
0 [T addition with

T = T Total resolution N = M+K-1 c 1 bit overlap
o
Vi |8 Vi Digital output n = 2% 'm+k-2"2 subtract

2 [O[[0[0[0]

> S)Ig M

m

0 Reduce interstage gain to 2M1

O Add V, /2M1 (0.5 LSB,) offset to keep V,, positive

0  Subtract 2X2 from digital output to compensate for the added offset
=  Digital code in A/D2 corresponding to 0.5 LSB, = (Vg /2M*1)/(V, o 125*1)= 2K-2

O  Overall accuracy is N =M + K — 1 bits
= A/D1 contributes M — 1 bits
= A/D2 contributes K bits; 1 bit redundancy

o Output n =25"Im + k — 2K2
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Two-step A/D with DR: Ideal A/D1 Scenario

a4 9.
Vref = Vref e =
3V /4 |
14}
o
& o
1“"’(&%11{2 - : Q
=
E'B
2"“"LSEH—— Vrelm' .
o 2 @ ® ® L] ® l—»-—vin © - - » . . - = ‘r-.-—vin
< o
=2 e e s Yy Sed
w [ w0 i
@ - T -
o < @ <
o o
vs] W

a 2V, varies from V /4 to 3V /4
a 2"V, outside this range implies errors in A/D1
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Two-step A/D with DR: M-bit accurate A/D1

a4 94
Vit £ o ideal transitions
| actual transitions

input range
of A/D2

A/D2 input outside
this range implies
errors in A/D1

2VLSB 1

VLSB1 T
—Mvn R | N R S

<
4

=
=

<_ T
—

=

L

[zZIA
iaelA

o 2MV, varies from 0 to V
o A/D2is not overloaded for up to 0.5 LSB errors in A/D1
0 Issue: Accurate analog addition of 0.5 LSB; is difficult
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Two-step A/D with DR: M-bit accurate A/D1

0 Recall that output n = 2K Im + k — 2K-2

o A/D1 Transition shifted to the left

= m greater than its ideal value by 1
= klesser than its ideal value by 2K
=  A/D output n = 2K"m + k — 2XK2 doesn’t change

a A/D1 Transition shifted to the right

= mlesser than its ideal value by 1
= Kk greater than its ideal value by 2K
=  A/D output n = 2K'm + k — 2X2 doesn’t change

o 1LSB errorin m can be corrected
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Two-step A/D with Digital Redundancy (ll)

Vi V PNy
= o e M+K-1
— | SH 2".1 comparators Tz » AID2 2
0.5LSE offset - K
Y a—
A/D1 D/A V ot e
/ M 11T
. o =
T g T Total resolution N ;:\.1+I{ I & K [TTTT]
Vier |& Ve Digital output n = 2 'm+k addition with 1 bit overlap
m k

0 Use reduced interstage gain of 2M-1

0 Modification: Shift the transitions of A/D1 to the right by V, /2M*1 (0.5
LSB,) to keep V, positive

. Eliminates analog offset addition and achieves same effect as last scheme

O  Overall accuracy is N =M + K — 1 bits; A/D1 contributes
v" M -1 bits, A/D2 contributes K bits; 1 bit redundancy

o  Output n =25 "m + k, no digital subtraction needed
v' Simpler digital logic
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Two-step A/D with DR(lI)-Ideal A/D1 Scenario

[(h)
[@)]
S o
Vrefi"2 . g Q
2 <
£%
2vLSB‘]—— Vreim' T
VLSEH —
AN |
I Vin """" ) 'rvln
N T ) M-..< |\J-..<

a  2¥V, varies from 0 to 3V ,/4; V /4 to 3V /4 except the first segment
o 2Y7V, outside this range implies errors in A/D1
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Two-step A/D with DR (I1): M bit acc. A/D1

L
- * [deal transitions
| actual transitions

2VI_SB1—

VLSB1 -

!
Z
[L-p2IA
}GJA

m) 2'\"—1Vq varies from 0 to V

ref

o A/D2is not overloaded for up to 0.5 LSB errors in A/D1
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Two-step A/D with DR(Il): M-bit acc. A/D1

0 Recall that output n = 25K"Im + k

o A/D1 Transition shifted to the left

= m greater than its ideal value by 1
= klesser than its ideal value by 2K
= A/D output n = 2%X'm + k doesn’t change

a A/D1 Transition shifted to the right

= mlesser than its ideal value by 1
= Kk greater than its ideal value by 2K
=  A/D output n = 2K'm + k doesn’t change

o 1LSB errorin m can be corrected
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Two-step A/D with DR (I1)

Vin Vq 2M1Vq
S 2.2 comparators * I/FEH\I A/D2 M+K-1 N
0.5LSB offset T "
*<MD’] D/A 7 Vi " ;
LY EREaN
T E T Total resolution N = M+K-1 g K EEEEE
Vier |B Veer Digital output n = 2“'m+k @ addition with 1 bit overlap
W k

o 0.5LSB (V,4/2V1) shifts in A/D1 transitions can be tolerated
o Ifthe last transition (V. — V. /2Y7") shifts to the right by V, /2M1, the
transition is effectively nonexistent
=  Still the A/D output is correct
0 Remove last comparator = M bit A/D1 has 2M -2 comparators set to
1.5V, /2M, 2.5V /2M, . .. V1.5V /2V
0 Reduced number of comparators
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Two-step A/D with DEC (lll)-ldeal A/D1

Vref - Vref B e ey s
i}]
[®)]
-
m o
==l =
=
o
=
2V sp1
Visetr 4
S Vin < & = - < - V'In
== M -
Ul ot
=it
last B & last
comparator comparator
removed removed

a  2Y7V, varies from 0 to 3V,/4; V /4 to 3V /4 except the first and last
segments

o 2Y7V, outside this range implies errors in A/D1
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Two-step A/D with DR (l1l): M bit acc. A/D1

V 2M-1y
9 A q A
Vit & ideal transitions Vief e -
| actual transitions y
[}
j= 3V sp2 ©
8 / =2
c m
S oy | 2Visps =
=0 = <
S o
C <C c s
2V g5 = °
LSB1{ —= O Visgs T
VLSB1——if]i|\ij]/_’ N
Vin = Vin
<< e & <SS eees
=N N - =N N
lg lg
N N

a  2MV, varies from O to V
o A/D2is not overloaded for up to 0.5 LSB errors in A/D1
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Two-step A/D with DR(III): M-bit acc. A/D1

0 Recall that output n = 25K"Im + k

o A/D1 Transition shifted to the left

= m greater than its ideal value by 1
= klesser than its ideal value by 2K
= A/D output n = 2%X'm + k doesn’t change

a A/D1 Transition shifted to the right

= mlesser than its ideal value by 1
= Kk greater than its ideal value by 2K
=  A/D output n = 2K'm + k doesn’t change

o 1LSB errorin m can be corrected

Vishal Saxena -21-



Multi-step Converters

Q
Q

Two-step architecture can be extended to multiple steps

All stages except the last have their outputs digitally corrected from the
following A/D output

Number of effective bits in each stage is one less than the stage A/D
resolution

Accuracy of components in each stage depends on the accuracy of the
A/D converter following it

Accuracy requirements less stringent down the pipeline, but optimizing
every stage separately increases design effort

Pipelined operation to obtain high sampling rates
Last stage is not digitally corrected
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Multi-step or Pipelined A/D Converter

12 bit A/D | 9 bit AD | 6 bit AD | 3bit AD |
| | | |
v, | 4bAD v, | 4bAD v, | 4bAD v, | 3bAD
Vin ——» + ! + ! + :
i residue gen.| | residue gen.| | residue gen.| |
I I I
Csy4bits | Cey4bits | Cyy4bits | | 3 bits
! Cn E [ E Cn i
Dow — =2 Drs =D Dys 2 D S
out ———4+— -t — -
: D4 M M-1 : D3 N M-1 : D2 N M-1 : D1
(14 comparators)
Analog path 4b {f’D Vi o Ve 8V,
Quantizer and residue gen. = S/H AD ' D/A = \z:j
residue generator T 1
Vref Vref
+ 4 bits
Digital path N Cy: {0, 14}

Digital correction —— Dy, Dyf—— Dy= 2K—1CN+DN1

K: cumulative number of bits after N stage

o 4,4,4,3 bits for an effective resolution of 12 bits
o 3 effective bits per stage

o Digital outputs appropriately delayed (by 2%-1) before addition
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Multi-step Converter Tradeoffs

a Large number of stages, fewer bits per stage
= Fewer comparators, low accuracy-lower power consumption
» Larger number of amplifiers-power consumption increases
= Larger latency
0 Fewer stages, more bits per stage
= More comparators, higher accuracy designs
= Smaller number of amplifiers-lower power consumption
= Smaller latency

a Typically 3-4 bits per stage easy to design
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1.5b/Stage Pipelined A/D Converter

(R

To resolve 1 effective bit per stage, you need 22 - 2, i.e. two
comparators per stage

Two comparators result in a 1.5 bit conversion (3 levels)

Using two comparators instead of three (required for a 2 bit converter in
each stage) results in significant savings
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1.5b/Stage Pipelined A/D Converter

9bitAD | 8bitAD | 7bitAD | 6 bit AD | 5bitAD | 4bitAD | 3bitAD | 2 bitAD |
! i ! i ! i ! i
IV, | 1.5bAD Vg | 1.5bAD v, | 1.5bAD IV | 1.5bAD 1\ | 1.5bAD iy, | 1.5bAD v, | 1.5bAD v, | 2bAD
—— ¥ l * l ¥ l ) l * T * l * l
1 residue gen_ | | residue gen. | | residue gen.| | residue gen. | | residue gen_| | residue gen. | | residue gen. | |
; Cs 1.5 bits ! Cs 1.5 bits ! Cr y1.5bits ! Cs y15bits ! Cs y1.5 bits ! Cs y15 bits ! Cs y1.5bits ! 12 bits
! Cu ! Cn | Cn ! Cu | Cn ! Cn | Cu !

19 /8 7 6 5 /4 13 L2
_}_6_ Dy Dyt 75 D Dt :6 Dn Dres 51 Dn Dryq 75 D Dres 51 Dn Dres 51 D D1 D %
: 9 : 8 : T : 6 : 3 : 4 : 3 : 2
| | ! | | ! ! |

(2 comparators)
Analog path 1-5D+ND Vi I 2y | 2V,
: —— SiH AD 1 D/A 5 2
Quantizer and residue gen. Bt |
residue generator T T
Vrer Vet
* 1.5 bits
Digital path Cn Cy: {0, 1,2}
i 3 3 MN-1
Digital correction »— Dyq Dy [ Dy = Dys+2'2Cy, Dy 0to2™'-1
Dp4: 010 2M21

o Digital outputs appropriately delayed (by 2N-2) before addition

0 Note the 1-bit overlap when Cy is added to Dy,
. Use half adders for stages 2 to N
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SC Amplifiers

02 05
cnk‘o \‘{\D
C, c,

1"""‘in

b4 C -
1 Y 05 C ™\
Y~ = V; 1 ov)
I "".-"rnut Ln‘f\c _ I I C/ _ V{:ut

Z% =

Vout = -(C4/Cy)V;, V . = +(C,/C,)V,,

ﬁ:\'
Iﬂ

Vishal Saxena -27-



SC Realization (l) of DAC and Amplifier

m/2Mc
Vref I I _ > Vout
i Sy >

(1-m2"C
m: output of A/D1
Pipelined A/D needs DAC, subtractor, and amplifier
V,, sampled on C in @, (positive gain)
V., sampled on m/2MC in @, (negative gain).
At the end of @, V_, = 21 (V.. — m/2MV )

U000
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SC Realization of DAC and Amplifier

2M capacitors

each C/2"
A S ' e iy
| I_ | e, SN o
: —— ! ||Cf2""" ”c,'2“"‘
i il | Yo T ot |
: —_ | : ¥ Vout Vref _“_ e Vout
| ol — —
: S I O - L U

"— 04 all capacitors connected to V,,
0,: m capacitors connected to V 4

,: 2"-m capacitors connected to gnd
(m: output of A/D,)

o m/2MC realized using a switched capacitor array controlled by A/D1
output

Vishal Saxena -29-



Two stage converter timing and pipelining

T,

|
1

clock phases by by & & B Oy
| | | | | |
T T T

sampling instant

V. ! I Sample and Hold
" - S.I'IH E : p TIHITIHITIHI
M2 comparators | i R SRS N S
f 0.5L.SB off i : m available
1 I
' ! AID1 l
1
g X | R
e I !
= i I
: I = S . .
0 0 =5
= Vet § = Vet @ DAC+Amplifier Vio VierVip Vier Vi
- E'H:a | Im | | | |
g~ 3
Lﬁ;ﬁ clel (1atch) k available
”"| < A/D2
/ L

to adder

Vishal Saxena -30-



Two stage converter timing and pipelining

o O,
= S/H holds the input V,[n] from the end of previous @,
= A/D1 samples the output of S/H
=  Amplifier samples the output of S/H on C

Opamp is reset

=  S/H tracks the input

= A/D1 regenerates the digital value m

=  Amplifier samples V, of S/H on m/2MC

=  Opamp output settles to the amplified residue
= A/D2 samples the amplified residue

= A/D2 regenerates the digital value k. m, delayed by %2 clock cycle, can be
added to this to obtain the final output

= S/H, A/D1, Amplifier function as before, but on the next
= sample V[n+1]

o In a multistep A/D, the phase of the second stage is reversed when
corc?pared to the first, phase of the third stage is the same as the first,
and so on

Vishal Saxena -31-



Effect of opamp offset

<

chf

1
in m l (IT > Vout
I o

i +C,V,,=> voltage v, on C,=-C,/C,V,,
Ci(VorVin) = Mg, &

— 1% 12

Il |

5 // =~ o © =

| = Vou s | . Vou=VorrC1/CaVin
total charge on Vor total charge on Vi
this surface = CV this surface = CV

= [0 o o

o @, C,ischargedtoV,, -V instead of V
= input offset cancellation; no offset in voltage across C,
J (DZ : Vout = 'C1/C2Vin + Voff
=  Unity gain for offset instead of 1 + C,/C, (as in a continuous time amplifier)
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Circuit Non-idealities

o Random mismatch

1
= Capacitors must be large enough (relative matching N7 to maintain
DAC and amplifier accuracy WL

0o  Thermal noise
» Capacitors must be large enough to limit noise below 1 LSB
=  Opamp’s input referred noise should be small enough.
a Opamp DC gain
»  Should be large enough to reduce amplifier’s output error to Vr%{ﬂ

o  Opamp Bandwidth
= Should be large enough for amplifier's output settling error to be less than

Vref/
2K+1
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Opamp Power Consumption

o Opamp power consumption a large fraction of the converter
power consumption

a Amplification only in one phase
O Successive stages operate in alternate phases
0 Share the amplifiers between successive stages
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MDAC Stages: With Offset Cancellation

O
cap array "
(01,02) | ©?
[l
V M
C,/2
Vrer H o \Y 1
A/D1 m
T 2
;O_; Vref
o
5
04
cap array ;&C
K-1
(02.04) [ Cof2
||
C,/2¥
V f || - VO t2
| 1l A
A/D2
\ — _|_— +

% Vref

5

g

-35-
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MDAC Stages: With Offset Cancellation

cap array
(04.05) 0o 0,

cap array
(¢2~¢1) 0, 0
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MDAC Stages: Opamp Sharing

cap array
(R
Vin C,/2"
Vre:f H
A/D1
1
% Vret
s
S
cap array
(G2,01)
C,/2%
Vre:f H
k
A/D2
T # 1
% Vret
s
=
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Opamp Sharing

Q
Q
Q

O O

First stage uses the opamp only in @,
Second stage uses the opamp only in &,

Use a single opamp

= Switch it to first stage in @,
= Switch it to second stage in @,

Reduces power consumption

Cannot correct for opamp offsets

Memory effect because of charge storage at negative input

of the opamp

Vishal Saxena
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Opamp Sharing: Split Amp

Alternate stages with more and fewer bits e.g. 3-1-3-1
Optimized loading

Use a two stage opamp for stage 1 (High gain)

Use a single stage opamp for stage 2 (Low gain)

Use a single two stage opamp

= Use both stages for stage 1 of the A/D

= Use only the second stage for stage 2 of the A/D

» Feedback capacitor in stage 2 of the A/D appears across the
second stage of the opamp—NMiller compensation capacitor

0 Further Reduces power consumption

0O 0000
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Opamp Sharing: Split Amp

Vem chi I Cc yo Vref
| _______________________ I ________________________ I C ‘ C i [ *FCC GND
i 15! Stage 2" Stage i i 34 Stage 4" Stage i 5 Stage 3 _8‘"'_‘
| | | = I !
I Il | o e i —
| . | l—<"Ll i
Vi Gan8 | o Gain2 1I_jD Gain8 | o Gan2 |i. 4b 8| Yul e g Vs = 2V, Voscs
" (4-b Flash) [~ |(1.5-b Flash)f 1| (4-b Flash) | (1.5 Flash)[ 1¥| Flash : !
| 5 | O, ’ S
|
' Amplifier {2 L 4 Amplifier {2 | 4 G?d4:,§_0—-ll——lc ! i "CC
i shared i : shared i % o : Cc !
_______________________ I RN EPR—— S R A s |
g | Sl 'LIQ ! 5 |
.. - . L — ! ~
Digital Correction Logic crafe—] ‘B@ | Amp
,I/12 @ Vcn = B(Vw' VDAC1)

(1)- Sampling for high bits stage.  (2)- Amplify for high bits stage and sampling
for low bits stage (3)- Amplify for low bits stage

18.4 A 30mW 12b 21MSample/s Pipelined CMOS
ADC

Suhas Kulhalli, Visvesvaraya Penkota, Ravishankar Asv
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Pipelined A/D Implementation




Pipelined ADC Architecture

Align & Combine Bits Iwh
* * * |::Ilznut
vin
— SHA jp—— 5Stage 1 p=ececem—ay Stage n-1 p— Stagen
e PO
V V

ADC T DAC
D
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Concurrent Stage Operation

o1 2 ¢1
clk LI ‘ Align & Combine Bits e
D
* T * out

Vin

— SHA Stage 1 Stage 2 Stage 3

¢1  ACQUIRE CONVERT ACQUIRE CONVERT

$2 BUFFER ACQUIRE CONVERT ACQUIRE
o Dedicated S/H for better dynamic performance
o Pipelined MDAC stages operate on the input and pass the scaled

residue to the to the next stage
0o  New output every clock cycle, but each stage introduces 0.5 clock cycle
latency
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Data Alignment

ol ¢2 ¢1 I o ——

K ML L‘ih § Dot
CLK CLK ; CLK
A

1|"""in
— SHA Stage 1 Stage 2 Stage 3
il ACQUIRE CONVERT ACQUIRE CONVERT
2 BUFFER ACQUIRE CONVERT ACQUIRE

o Digital shift register aligns sub-conversion results in time
o Digital output is taken as weighted sum of stage bits
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Latency

N+l n+2

ANALOG
INPUT

CLOCK I I

FEEEEY €52 =D E53 E=0 £53 €3 15 N &

—-

TOD = 7.0 MAX
3.5 MIN

[Analog Devices, AD9226 Data Sheet]
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Combining the Bits: Ideal MDAC

a0 Example1: Three 2-bit stages, no redundancy

B,=2 B,=2
R,=2
Stage 2 <Stage 3
2 D, 2 ¥ D,
e
+ <
1/2?
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Combining the Bits contd.

D XX
D %X Only bit shifts
Dz XX No arithmetic circuits needed
D_.. DDDDDD
B1=2 BQ=2 BE=
R1=2 R1=2
Vin — Stage 1 Stage 2 <Stage 3
MSB | | LSB
D::}ut[fr:[l]
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Combining the Bits: With Redundancy

0 Example2: Three 2-b it stages, one bit redundancy in stages 1 and 2
(6-bit aggregate ADC resolution)

Stage 1 Stage 2 { St

“8 Wires”
7?7

“6 Wires"

I I
s
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Combining the Bits: With Redundancy

3 B,=3 B,=2
2 R,=2

Vip — Stage 1 Stage 2 Stage 3

HADD |—HADD I—FADD HADD I—IHADD

Dout[ﬁ:{l]
o Bits overlap by the amount of redundancy
0 Need half adders for addition
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A 1.5-Bit Stage

®,
OF ] C1
Vi o—+¢ N\ 1]
T o
v Veldo 2 e v,
Vr/4 0—:]: b ¢’191 1
-Vg 0———— * D,
0 o—— Decoder —
Ve Veld Vrld Vi Vr 0—

« 2X gain + 3-level DAC + subtraction all integrated

« Digital redundancy relaxes the tolerance on CMP/RA offsets
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A 1.5-Bit Stage: Residue Plot

-VR -Vr/4 Vr/4 Vg

(L&) Vim GeViey 1 Vi Vg /4
V=1 (14 2) v il Vi /4 < Vi < Ve /4
(14 &) Vit EViey i Vi< Vg /4

e S

\,
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A 1.5-Bit Stage

DIGITAL CORRECTION NBIT
LOGIC DIGITAL OUTPUT

e ey m— Ny

1 = Vaes™

+
coMmp
o—i-

1/4 Vg ENCODER - Dn

+
o—-

VRes(n-1)

WVRO—1—"

"
'VFI O—-—--—/—-—-
T DECISION CIRCUIT

A 250-mW, 8-b, 52-Msamples/s Parallel-Pipelined
A/D Converter with Reduced Number of Amplifiers

Krishnaswamv Nagarai. Senior Member, IEEE. H. Scott Fetterman. Joseph
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A 1.5-Bit Stage: Opamp Sharing

1~
N s
] Cy e DECISION .0
————~ UIT
VRes(n-1) —r-—o—-'/-.-g \ C'Hg ™
Ay ¢
DECISION
———={ CIRCUIT
+VR 0—-—-—-——/ 2 !
||l-——/ 4 L 4 + -~ . N —O +VR
VR O - } . { L_._\\——lli
| S N
_— VR
Dr-1 1
D

n

A 250-mW, 8-b, 52-Msamples/s Parallel-Pipelined
A/D Converter with Reduced Number of Amplifiers

Krishnaswamv Nagarai. Senior Member, IEEE. H. Scott Fetterman. Joseph
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A 1.5-Bit Stage: Opamp Sharing contd.

c Vaes™Y DECISION
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J1
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Phase 2
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& -
DECISION
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1
+VHC . g
=" -—j
1 -+ 3
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Timing Diagram of Pipelining

| .| S1samples | |
OF S1 samples | | 32 DAC+RA | 1
| | |
— — — S3 samples —
o . [s1DAC+RA | | [S1DAC+RA
? | S2 samples : | S2 samples
T — — 53 DAC+RA '—
—> —» —>
S1 CMP
S1 CMP S2 CMP S3 CMP

« Two-phase non-overlapping clock is typically used, with the coarse ADCs
operating within the non-overlapping times

« All pipelined stages operate simultaneously, increasing throughput at the
cost of latency (what is the latency of pipeline?)
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Stage 1 Matching Requirements
{ {

9-bit Backend ADC

.
Q
«Q
®

ref

 Errorin residue transition must be accurate to within a fraction of 9-bit
backend LSB
— Typically want AC/C ~0.1% or better
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1.5b/stage Residues

stage 1 res
stage 2 res

e 05 0 05 1 e 05 0 05 1
! | | | 1 | | |
T sz MHHHHMHH.
% M % 'HHHHH"HHHIIWHHHHIII'[HHIIHHH
'1-1 -0.15 (:) 0?5 1 . -0.15 g 0?5 1
1 ‘ ‘ ‘ 1 |
é ||||||‘||||‘||‘|||||H||||‘||HI|‘ g |||||I||||||||||H| H‘\|H\|HH\||I|H||I|||H||H\‘|\H|‘|‘H
% AT I\HHI“HH“'HI‘ I‘]HH"HH“ LKL ) % A \'H"! H"!“!'H“U “‘H”\'U"H (Ut
" -o.‘s 6 015 1 " -o.‘5 6 015 1

« Residues after every stage with ideal MDACs
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Capacitor Matching

a 0.1% "easily" achievable in current technologies
= Even with metal sandwich caps, see e.g. [Verma 2006]
« Beware of metal density related issues, "copper dishing”
» For MIMCap matching data see e.g. [Diaz 2003]

a0 What if we needed much higher resolution than 10 bits?
= Digital calibration

=  Multi-bit first stage
« Each extra bit resolved in the first stage alleviates precision requirements
on residue transition by 2x
« For fixed capacitor matching, can show that each (effective) bit moved
into the first stage
* Improves DNL by 2x
* Improves INL by sqrt(2)x
» Multi-bit examples: [Singer 1996] [Kelly 2001] [Lee 2007]
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A 2.5-Bit Stage

b,
OF l oF
Vi o — |
L (D1 CZ
[ N\ @
VR1 O—
: :b__ OF Cs
VR6 Oo— N\ ® ®
6 CMP’s | b OF Ca
\v\ N\ * H * ;A V.
-Vg © @ D 7
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0 o Decoder — =
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VR o —
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2.5-Bit RA Transfer Curve

Vo
VR [ [ [ [ [ [
b=0 | b=1 | b=2 | b=3 | b=4 | b=5 | b=6
Va2 | ] | | A
I A Y A Vi
-Vr/2 |- — R b
| |
I I
l 1
-VR -5Vr/8 -3VR/8 -Vr/8 VR/8 3VRr/8 5Vg/8 VR

* 6 comparators + 7-level DAC are required
* Max tolerance on comparator offset is +V/8
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2.5-Bit Decoding Scheme

1 2 3 4 5 6
-2 -1 0 +1 2 | +3
-1 1 0 +1 +1 +1
-1 0 0 0 +1 +1
0 0 0 0 0 +1

Ve | +Ve | 0 Ve | Ve | Vg

e | 0 0 0 Ve | Vg
0 0 0 0 0 RVA

« 7-level DAC, 3x3x3 = 27 permutations of potential configurations —
multiple choices of decoding schemes!

« Choose the scheme to minimize decoding effort, balance loading for
reference lines, etc.
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Design Parameters

Stage resolution, stage scaling factor
Stage redundancy

Thermal noise/quantization noise ratio
Opamp architecture

= Opamp sharing?

Switch topologies

Comparator architecture

Front-end SHA vs. SHA-less design
Calibration approach (if needed)

Time interleaving?

Technology and technology options (e.g. capacitors)

O 00 O

O 00000

A very complex optimization problem!
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Thermal Noise Considerations

a Total input referred noise
» Thermal noise + Quantization noise
= Costly to make input thermal noise smaller than quantization noise

0 Example: VFS=12V, 10-bit ADC
gt (L) (o y
12 1202

= Design for total input referred thermal noise 280uV
SNR target allows

or larger is

rms

a Total input referred thermal noise of the ADC is the sum of
thermal noise contribution from all stages
= How should the thermal noise (kT/C) of the stages be distributed?
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Stage Scaling

« Example: Pipeline using 1-bit (effective) stages (G=2)

Vi Stage 1 p— Stage 2 p— Stage 3 p—— —

C,/2 C,/2 C,/2
I I I
I I |
G, C, ..
V, —

« Total input referred noise power

N oc KT 1+ 1 + : Fue
C, 4C, 16C,
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Stage Scaling contd.

2

[ov]

C,/2 C C,/2
Il Il

] I

C, C, C,

v, — ——--

Nio: ¢ KT 1+ L + L +...
C, 4C, 16C4

If we make all caps the same size, backend stages contribute
very little noise
» Wasteful, because Power ~Gm ~ C
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Stage Scaling contd.

C,/2 C,2 C,/2
Il Il Il
] ] ]

V. Gm Gm Gm —_—

Niot o KT 1+ L + 1 +...
C, 4C, 16C,

« How about scaling caps down by 2M=4X every stage?
« Same amount of noise from each stage
« All stages contribute significant noise
* Noise from the first stage must be reduced
« Power ~Gm and C goes up!
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Stage Scaling contd.

Extreme 1: All Stages the Same Size

Noise Per Stage Power Per Slage
012 N-1 k k
Extreme 2: All Stages Contribute the Same Noise [Cline 1996]
Noise Per Stage Power Per Stage
012 N-1 k N-1 Kk

*Optimum capacitior scaling lies approximately midway between these
two extremes
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Stage Scaling contd.

1N =0 (low speed)

n=1/2

n =1 (high speed)

Extreme 1: All Stages the Same Size o !1bis :
% 2bis |
. O abis|
Noise Per Stage Power Per Stage A 4bls |
[m]
g 10} g $ 107
Q (=} =}
Q [s 8 Q
012 N-1 k 012 N-1 f: j: f:
: T © T
Extreme 2: All Stages Contribute the Same Noise E E E
= =z =z . .
Noise Per Stage Power Per Stage , . : ‘ : 1 f ;::: |
. = 10 10 : : : 7oy o 3is|
: : A dbis |
= O Sbis |
012 -1 k N-1 Kk 05 1 15 2 0.5 1 1.5 2 05 1 15 2

Taper factor x Taper factor x Taper factor x

*Optimum capacitor scaling lies approximately midway between these
two extremes [Cline 1996]
«Capacitor scaling factor 2RX

x=1 — scaling exactly by the stage gain [Chiu 2004]
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Optimum Stage Scaling

«Start by assuming caps are scaled precisely by stage gain
— E.qg. for 1-bit effective stages, caps are scaled by 2

C/2

C/4 C/8
I | Il
I I ||
C C/2 C/4
v, —

*Refine using first pass circuit information & Excel spreadsheet
Use estimates of OTA power, parasitics, minimum feasible sampling
capacitance etc.
Can develop optimization subroutines in MATLAB
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How Many Bits per Stage?

0 Low per-stage resolution (e.g. 1-bit effective)

= — Need many stages
= + OTAs have small closed loop gain, large feedback factor
« High speed

0 High per-stage resolution (e.g. 3-bit effective)
= + Fewer stages
= — OTAs can be power hungry, especially at high speed
= — Significant loading from flash-ADC

o Qualitative conclusion
= Use low per-stage resolution for very high speed designs

= Try higher resolution stages when power efficiency is most
important constraint
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Power Tradeoff with Stage Resolution

100

I1bf‘5 ; ; : : : : :
zblfs : _______ D g g gty S g R, E _______ E _______ E_ ......

... IChiu 2004]

OO *xD

so ______ _______ _______ ______ ______ ______ 3 n = parasitic cap at output/total
: : : : : : W A sampling cap in each stage
(junctions, wires, switches, ...)

Min. power (normalized)
o
=

0 0.1 02 03 04 05 06 07 08 09 1

Speed factor 1

0 Power tradeoff is nearly flat!

a ADC power varies only ~2X across different stage
resolutions
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Examples

Reference [Yoshioka, 2007] | [Jeon, 2007] [Loloee 2002] [Bogner 2006]

Technology 90nm 90nm 0.18um 0.13um
Bits 10 10 12 14

Bits/Stage 1-1-1-1-1-1-1-3 2-2-2-4 1-1-1-1-1-1-1-1-1-1-2 3-3-2-2-4

SNDR [dB] ~56 ~54 ~65 ~64
Speed [MS/s] 80 30 80 100
Power [mW] 133 4.7 260 224

mW/MS/s 0.17 0.16 3.26 2.24

0 Low power is possible for a wide range of architectures!
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Cap Sizing Recap

0 Choosing the "optimum" per-stage resolution and stage
scaling scheme is a non-trivial task
= —But - optima are shallow!

o Quality of transistor level design and optimization is at least

as important (if not more important than) architectural
optimization...

O Next, look at circuit design detalls
= Assume we're trying to build a 10-bit pipeline
« ~0.13um CMOS or smaller
* Moderate to high-speed ~100MS/s
« 1-bit effective/stage, using “1.5-bit” stage topology
* Dedicated front-end SHA
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Front-End SHA

Need constant R, here to
minimize signal dependent
charge injection from S, Sqp

\ C1N A
Vinn p—:f}o—'

s gas 3 L
Minimize
- Vrs
Jitter! g
01
o1d
Vinp D=
-ﬂf";._il Bootstrapped switch 0 lE EE _I_
&3 NOS switch nad LI L
n 1 I I |
Complementary switch #2d w1 1
(CMOS transmission gate) . [

Vishal Saxena -75-



SHA-less Architectures

a  Motivation
=  SHA can burn up to 1/3 of total ADC power

o Removing front-end SHA creates acquisition timing mismatch issue
between first stage MDAC & Flash

Sampler
(MDAC)

Clock |

D/A

[Chiu 2004]
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SHA-less Architectures contd.

QO Strategies

= Use first stage with large redundancy; this can help absorb fairly
large skew errors

= Try to match sampling sub-ADC/MDAC networks
« Bandwidth and clock timing

Cin
Il

! % _L Cparl
Vin ._y SWG I
TN A [Mehr 2000]

Veml
o2
Cinfl SWF

Matching : Cpar2 Compl
MDAC: Rswg, Cin, Cparl | gm
Flash:  1/gm, Cinfl, Cpar2
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Pipelined A/D Conversion Errors
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Pipeline Decomposition

* Often convenient to look at pipeline as single stage plus

backend ADC
Vin
— Stage1 p——e Stage? p——- Stage3d p—— Staged
\— 4
Y

{ {
—  Stage 1 < Backend ADC
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Resulting Model

With G,=G
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Canonical Extension

res(n-1)

gn

F1

our

e
Doyt =V, +8q1[1_ & J—F 92 [1——
Gq1) Gy

» First stage has most stringent precision requirements

* Note that above model assumes that all stages use same reference
voltage (same full scale range)

— This is true for most designs, one exception is [Limotyrakis 2003]
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General Result — Ideal Pipeline ADC

With ideal DACs and ideal digital weights (G,=G)

Doyt = Vin + _fn =  Bapc =B, + Zlog2Gj

J=1

» The only errorin D, is that of last quantizer, divided by
aggregate gain

« Aggregate ADC resolution is independent of sub-ADC
resolutions in stage 1...n-1 (1)

« Makes sense to define "effective" resolution of jth stage as
R=log,(G;)
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Gain Errors

in res(n-1)
n-1
c an
D
n
D
out dm-1)

*+ Wantto make G, = G,+A
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Digital Gain Calibration (1)

* Errorin analog gain is not a problem as long as "digital gain term" is
adjusted appropriately

* Problem
— Need to measure analog gain precisely

« Example
— Digital calibration of a 1-bit first stage with 1-bit redundancy (R=1,
B=2)
+ Note

— Even if all G are perfectly adjusted to reflect the analog gains, the ADC will have non-zero
DNL and INL, bounded by +0.5LSB. This can be explained by the fact that the residue
transitions may not correspond to integer multiples of the backend-LSB. This can cause non-
uniformity in the ADC transfer function (DNL, INL) and also non-monotonicity (see [Markus,

2005]).

— In case this cannot be tolerated
Add redundant bits to ADC backend (after combining all bits, final result can be truncated back)

Calibrate analog gain terms
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Digital Gain Calibration (2)

Vin ca=const. Dy
ADC | Logic | DAC
] \ Vies =G~ [Vm - Vdac]
Force -0.251 TFc:nrce +0.25 Dy =Vies +gp
Vv, 0751025025 |075

dac

/n_,/ Force 0.25

VA
v

Vs /

Force -0.25 - =

-1
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Digital Gain Calibration (3)

Backend

DAC

ADC —-—| Logic

1 Force €4ac(D)

Jv"
D
[l _
D,.. /'\ corr(D) /l D,
- > > 1/G
N\ N
« Essentially same concept as gain calibration

— Step through DAC codes and use backend to measure errors
+ Store coefficients for each DAC transition in a look-up table
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Recursive Stage Calibration

< Dijrection of Calibration “Sufficiently Accurate”

* First few stages have most stringent accuracy requirements
— Errors of later stages are attenuated by aggregate gain

* Commonly used algorithm [Karanicolas 1993]
— Take ADC offline
— Measure least significant stage that needs calibration first
— Move to next significant stage and continue toward stage 1
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