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Integrated Analog Systems L9
Analog-to-Digital Converters



Basic Conversion Techniques

1. Serial Conversion

2. Successive Approximation Conversion
3. Parallel Conversion

4. Pipelined Converters

5. Sigma-delta



A/D Converters

Type Speed Resolution Price
Integrating 0.1Hz...100Hz  18-25 58-500%
Successive appr.  1kHz...100kHz  14-16 20$-300%
Sigma-delta 1kHz...50kHz 16-20 20$-150%
Subranging 100kHz...1MHz 12-16 1508-500%
Flash IMHz...500MHz 6-10 100$-500%
EE;SF(])‘LUTION EBEI §F (])‘f,UTI ON
;g:z//I;TJ;G;ATI\NG - 247
N \ / SIGMATDELTA 227
20 AN AN 20T
187 >~___-7 \\\\ /*\ RN 18 1
16T NSTTON SUBRANGING 16 T
147 /leligl({:g)&(%ll\/\{;r{()%\l\\\ e 14 -
21 T\ FLAsEN 127
10T N \ 10 T
8T \\\ /, 8 T
6T o 6] ‘

I I I f f i i > f f f f f f f >
10Hz 100H 1k 10k 100k 1M  10M 100M FREQUENCY 10Hz 100Hz 1k 10k 100k IM  10M 100M FREQUENCY
z



CLOCK INTERVALS

SAMPLE OUT



ACCURACY (BITS)

Frequency vs Accuracy Limits of Digital/Analog

Frequency vs Accuracy Limits of Analog/Digital

Converters (1989) Converters (1989)
20 — 18 _|
2
18 MODULATO -1 =16 [SIGMA-DELTA -
DACS A3~ |MODULATORS
>
L | | MULTIPLE SLOPE A/ HYBRID _|
16 5 14 ™ pes \ BIPOLAR
) N BIPOLAR
14 CURRENT/RESISTOR DACS 4 On MULTIPLE-STAGE APPROXIMATION AYRES % Mo |
&é (SERIAL-PARALLEL ARCHITECTURES)
121~ Go A? 10 [T SINGLE-STAGE APPROXIMATION (FLASH) A/DCS \ B
| n | PARALLEL SINGLE STAGE APPROXIMATION A/DCS \
10 8 GoAs—>
8 | | | | 6 | | | |
10kHz 100kHz 1Mz 10MHz 100MHz 1GHz 10kHz 100kHz 1Mz 10MHz 100MHz 1GHz
FREQUENCY FREQUENCY



100

Dynamic range (dB)
N o0
= S

AN
-
T

20

Technology
direction

10k

100k

IM 10M

Sampling frequency

100M 1G



e - — -

100 GHz

o e s o e ] s e i i - B e M2 0 o i x_] i i 2w e
P e e mmmmm“m 2 v
..tclv 2 e e T HAlllo l|v|||N| ..nw ©O
=T~
o B2 q-=-———fF-==—- s O ||x||N||4 C o
f fmn g e 20}
L M bdewoasea Illl\l.% Illﬂb llvl\\& m ﬂm M
o K . . 93IED
S L
18 I\ |.” m).m|\5 ]
1= HHJMHHHH Em8=—F-0 03"
e 1%t - 8aew T
1K ——y - TN Oo-T4/5W |
1 b 85 2788 1
T - § T 54 82 bt
...... Y iy B Rl g B I
L C ko w0 A |
’ Q== o —\\ \
n.\ nSD /0\ | ¢ Q
Fade . & Sl TR
L ﬁ-nnnsouw..w . g Ul D g
f IHHOWHUO-- L N D
.5 TN Yl #
..... o - ) —g-|-\-—WoL .
5 /

Slope ~-1bit/octave, improvement ~1.5 bit/8 years (R.H. Walden 1999)

Y
/

e

- - - -

I

R —

&

on
on
on

on

@ Stated 10b Reso
A Stated 12b Reso

© Stated 13b Reso
@ Stated 14b Reso
A Stated 15b Reso

¢ Stated 16b Reso

State-of-the-art 1989

State-of-the-art 1997

State-of-the-art 2005

= ==Thermal (50 ohms)
- == Aperture jitter (0.1ps)

e ] e s LtC R PRI (NI SR G —————— N —— SR ————

1 MHz

22

18

(e o)

©

(sug) sug jo JaquinN aanossy3

10 GHz

100 MHz 1 GHz

0 MHz
Conversion Rate (Samples/s)

~—

100 kHz

10 kHz

Survey of ADC's. Effective number of bits vs. sample rate.



¢ 2004

. ——— ] - ———————————

e - —— -

e = - ——————

b o - ——————

e b e p——

N
2
< =
........... 3 T I
lllllllllll (&) s A i s
n
FS I.B ||||||||||||||||||||||||||||||||||||||||
m wy . s IIIIIIIIIIIIII
° a7 &
FAH/H !.-m |||||||||||||||||||||||||||||
| (o B
= | |
i
- =
pd 2. = =
+ + + +
w w w w
S o . o S
[

f/suoisiaAuo)] W4 Hiow jo ainbiy

<
||||||||||||||||||||||||||||||||||||||||||||| I
.............. R R | -
C ™  ad
||||||||| SO (U SN, - VNN (S SO
......... an.2 2 ]
zo\m\ @ )
N (e - RERY W—
=235 /52
Rl - R
Ooa< <
n - o
...... 2} m ‘:.-.1:-::::--;!
=5 o
@
¥ N
o B
=
o
llllllllllllllllllllll 0

Conversion Rate [Sample/s

Figure of merit FM as a function of conversion rate.



|deal input-output characteristic of a 3-bit ADC
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Parameters used to characterise the performance of analog-to digital converters:

 Differential nonlinearity (DNL) is the maximum deviation in the output step size
from the ideal value of one least significant bit (LSB).

 Integral nonlinearity (INL) is the maximum deviation of the input/ouput
characteristic from a straight line passed through its end points. The difference
between the ideal and actual characteristics will be called the INL profile.

« Offset is the vertical intercept of the straight line passed through the end points.

« Gain error is the deviation of the slope of the line passed through the end points
from its ideal value (usually unity).

« Settling time is the time required for the output to experience full-scale transition
and settle within a specified error band around its final value.

« Glitch impulse area is the maximum area under any extraneous glitch that
appears at the output after the input code changes. This parameter is also called
"glitch energy” in the literature even though it does not have an energy dimension.

« Latency is the total delay from the time the digital input changes to the time the
analog output has settled within a specified error band around its final value.
L_atelncydmay include multiples of the clock period if the digital logic in the DAC is
pipelined.

« Signal-to-(noise + distortion) ratio (SNDR) is the ratio of the signal power to the
total nq(ijse and harmonic distortion at the output when the input is a (digital)
sinusoid.



Digital Output Code

Gain Error = 1.5 LBSs

111 111
N
110 110
deal
101 N ) 101 Ideal
Characteristic § Characteristic
100 N 5100 AN
: % : Actual
o) Characteristic
011 g M
k=2
a
010 N 010
Offset = 1.5 LBSs
001 001
; v, 000 > Y
000 L L L L L L L . =VREF V per
¢ 1 2 3 4 5 6 7 8 $ s s ¥ ¥ ¥ % ¥ %
8 8 8 8 8 8 8 8 8

(a) Example of offset error for a 3-bit ADC.
(b) Example of gain error for a 3-bit ADC.
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Digital Output Code
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(a) Example of INL and DNL for a 3-bit ADC.
(b) Example of nonmonitonic 3-bit ADC.



Block diagram of a single-slope serial A/D converter
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Integrating dual slope A/D converter
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Max. conversion time 2N, very slow
Simple architecture, easy to reach hihgh accuracy
Applications with 18-20bits or better accuracy



A 3-bit flash A/D converter
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A clocked CMOS comparator

- 2N comparators needed, high power consumption

- 2Nresistors needed, difficult to use common
centroid geometry

- Monotonic

- Conversion in single clock cycle, fastest converter

- Used with resolutions 6 bits and less



A 2M-bit parallel-series A/D converter configuration
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D/A converter-based successive-approximation
converter

o—>p| S/H

Successive-approximation register
(SAR) and control logic

lb1 lbz ........ le = B,

D/A converter — Vref

/
Voo N

Medium accuracy 10 bits

Medium speed, n clock-cycles per conversion
No amplifiers, only comparator needed

Any D/A-converter , or hybrid can be used
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Flow graph for the successive-approximation approach
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A voltage-scaling, charge-scaling, successive-
approximation A/D converter
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A charge-redistribution A/D converter with error

correction
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A 4-bit interpolating A/D converter (interpolating factor of 4)
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Adding series resistors to equalize delay times to the
latch comparators
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Interpolating by three between two current ouputs
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A 4-bit folding A/D converter wih a folding-rate of four
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A folding block with a folding-rate of four
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A 4-bit folding A/D converter with a folding rate of four
and an interpolate-by-two

Folding block responses
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lterative algorithmic ADC
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Flow graph for the algorithmic approach
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capacitor matching.



Typical Circuit Implementation of
an Algorithmic Converter
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Pipeline implementation of the algorithmic ADC
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1-bit MDAC
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Scaled pipeline AD converter
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Errors in pipeline A/D converter

a) Gain error, A,

V.= AV, + Vo —bAV g

i i 1“7si
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c) Comparator offset error, Vg



Operation of 1.5-bit unit capacitor MDAC

sample-mode hold-mode



1.5-bit MDAC

(S, Q-CS-V =2V, -0V,
out Cf in Cf- ref in ref
¢, =C
|
C, =C
v TR f
in® | | - I/Out + Vrefol_/_‘
I J -
+ - Vrefo CS — C N —© I/out
4 Vref
D
| |
| |
| |
o)/
| "~V
| |
________________ I

transfer function of 1,5-bit MDAC.



1.5-bit MDAC
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Pipeline A/D converter
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Unit capacitor switched capacitor MDAC
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Binary weighted SC MDAC
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