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X. CMOS DATA CONVERTERS
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Importance of Data Converters in Signal Processing
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A/D and D/A Convertersin Data Systems

Page X.0-3
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X.1 - CHARACTERIZATION AND DEFINITION OF
CONVERTERS

General Concept of Digital-to-Analog (D/A) Converters

Reference

l

by —»]

bl —P

gz —™| Digita-to-

s Analog [— VoutOr iout
- Converter

bN 1;

vouT = KViegD or iout =KlyefD

where
K = gain constant (independent of digital input)
b b b bN-
D= 2—,(\)|+2|\|—1_1+2|\|—2_2 + ot % = scaling factor

Vref (Iref) = voltage (current) reference
bn-1 = most significant bit (MSB)
bp = least significant bit (L SB)

For example,
o by b2 bn-1 0
VOUT=KVref%N + SN-T + 2N-2+ ceee + 2—1 E
1 N-1
= KVret 57 ) bj2
j=0
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Basic Architecture of a D/A Converter

Continuous Time D/A Converter-

Voltage Vref Scaling DVres Output Vout = KDVref
References [ ™ Network ™ Amplifir [—>
Binary Switches
bg by by b1
Clocked D/A Converter-
Vref
by —» >
b, —» —
b, — ==
° . - | Do Vout| Sample V:)ut
. Latch . to P and —
analog
. . hold
. . | converter
bN-l_. —
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Classification of D/A Converters

Done by how the converter is scaled-

D/A Converters I

Serid Pardld
] v L
Charge I Voltage I Charge I Current
y y
Voltage and Charge I
Slow Fast

Page X.1-3
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Static Characterization of D/A Converters

Ideal input-output D/A converter Static Characteristic -

1.000

0.875

0.750
1LSB

0.625 |deal
analog f

tput
0.500 A

0.375

Analog Ouput Value

0.250

0.125

0.000
000 001 010 011 100 101 110 111

Digital Input Code

\Y
Anideal LSB change causes an analog change of ZL,\?f
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Definitions

Resolution isthe smallest analog change resulting from a1 LSB digital
change (quantified in terms of N bits).

Quantization Noise isthe inherent uncertainty in digitizing an anlog value
with a finite resolution converter.

Infinite resolution analog output
- finite resolution anal og output

v v
0.5LSB 05 - Rer _ TREF
2N 2N+1

Digital Input Code

'O 5LSB | _0 5 VREF — -VREF
000 001 010 011 2N 2N

Dynamic range (DR) isthe ratio of FS to the smallest resolvable
difference.

2N -1
£S VREF TN N
DR = TSB change ~ 1~ 1
VREF 5N

DR(dB) = 20 log1o(2N - 1) 06N dB

Signal to noise ratio (SNR) for a sawtooth waveform
Approximating FS = LSB(2N -1) DLSB(ZN),

oN
SNR = Full scale RMS value a2 W12 N
~ RMSvalue of quantizationnoise = _1 =~ 2
V12
mfed . O Rf6 O
SNR (dB) =20 IOglOE%Z_EZN E: 20 |0910%2_ %+ 20 log10(2N)

= 20 10g10(1.225) + 6.02N = 1.76 dB + 6.02N dB
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Definitions - Continued

Full scale (FS) is the the maximum DAC analog output value. It is one LSB
less than VREE .

2N -1
FS=VR0er—5N

A monotonic D/A (A/D) converter is one in which an increasing digital
input code (analog input) produces a continuously increasing analog output
value (digital output code).

Offset error isa constant shift of the actual finite resolution characteristic
from the ideal infinite resolution characteristic.

Gain error is a deviation between the actual finite resolution characteristic
and the ideal infinite resolution characteristic which changes with the input.

Integral nonlinearity (INL) is the maximum difference between the actual
finite resolution characteristic and the infinite resolution characteristic.

Differential nonlinearity (DNL) is the maximum deviation of any analog

output changes caused by an input LSB change from itsideal change of ;—ﬁ



Normalized analog output
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3-BIT D/A CONVERTER ILLUSTRATION
A
VREFT- """~~~ "~~~ "~~~ T~ ~
7 |deal D/A conversion
T —
8 |
3l |
|
1LSBI | |
51 | |
. L
|
r 14 |deal o
z analog | | | |
"é‘ 3] output : | | :
< 8 | | I |
o | | ' I |
| | | ' I |
SR
1 O
—— I I
8 | ' ' : | ' :
: ! ' | ! ' |
O . 1 I 1 | : >
000 001 o010 011 100 101 110 111
0 1 2 3 4 5 6 7 8
8 8 8 8 8 8 8 8

Digital input, code and fractional value

|deal relationship
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! A
4 1L e
8 I 8 I
: [ Gain Error :
I (—
5 | I 5L \ |
8 Lo 8 N |
Lo : ) I
3 Lo : 3| I :
| | | | |
Offset 8 L Lo 8 . Lo
Error | | | |
j_ | | | | | |
r o T T = R A
I I I I I I
% I I T % I [ T
T 000 001 010 011 100 101 110 111 000 001 010 011 _100 101 110 111
Offset Error Gain Error
S S
e _I_ 5 Nonmonotonigity :
8 Nonlinearity | 8 |
\ | —1 |
| |
| |
5 | I 5 | I
8 | | I 8 | | I
| I I | I I
3 | | | I 3 | | | I
8 I | 8 I |
| | I | I I | I | I
| | I I I I | I I I
1 | | | I I 1 I | | | I I
8 I I I I I I 8 I I I I I I
I | | | 1 | 0 I I | | | 1 |
001 010 011 100 101 110 111 000 001 010 011 100 101 110 111

Linearity Error Nonmonotonicity
(Due to Excessive Differ-
ential Nonlinearity)

Typical sources of errors
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Integral and Differential Linearity for a D/A Converter

D/A Converter with £1.5 LSB integra nonlinearity and +0.5 LSB
differential nonlinearity

A
10] P
7

of 05LSB P .
- + s @
m 8_ N /’
9 °.
a1 A o
g’ o .7
o] 5 e
2 5l e 15LSB
5 o—L
O - v
21 |
< L " Ideal

2 7

.’ =
1 -
7
- 1 1 1 1 1 1 1 1 1 1 -
&)00 0001 0010 0011 0100 0101 0110 0111 1000 1001 1011

Digital word output

D/A converter with £1 LSB integral nonlinearity and £1 LSB differential

nonlinearity

Analog output (Ideal LSB)

A Ideal.
10 o’

9 0LSB ne

8- \ , —

Ve

- / .

7 P A

a 7 1LSB

.'4

5 R
q A

| 2LsB | L7

3 Y

. 7 .

T oo

1 P e

- 1 1 1 1 1 1 1 1 1 1 -
8000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1011

Digital word output



Allen and Holberg - CMOS Analog Circuit Design Page X.2-1

X.2 VOLTAGE SCALING CONVERTERS
3-BIT VOLTAGE SCALING D/A CONVERTER

Assume that by=1,b; =0,and b, =1
MSB: b,

LSB: b,

bO 0 bl 1 b2 b2
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
)4 1 1 1 1 1
1 1 1 1 1 1
1 1 V4 1 1 1
1 1 1 1 1 1
1 v 1 1 1 1
1 1 1 1 1 1
1 1 1 1 Vi 1
1 1 1 1 1
'd L | | |
1 1 1 1 1
1 1 1 J | 1
1 1 1 1 1
L A | | |
1 1 1 1 1
1 1 1 1 1
I I 1 1 1 ——oVouTt
)4 1 1 1 1
1 1 1 1 1
1 1 Vi 1 1
1 1 1 1
1 v 1 1
1 1 1 1
1 1 1 1
1 1 1 / |
/ 1 1

1 1

: g

/

VREF VREF 11
VouT =g (D+0.5) = T(ZDH') = 0.6875VREE = 1_6VREF
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3-BIT VOLTAGE SCALING D/A CONVERTER - CONT'D

Input-Output Characteristics:

A

VRer[

000 001 010 011 100 101 110 1 > Input

Advantages.
Inherent monotonicity
Compatible with CM OS technol ogy
Small areaif n < 8 hits
Disadvantages:
Large areaif n > 8 bits
Requires a high input impedance buffer at output

Integral linearity depends on the resistor ratios



Allen and Holberg - CMOS Analog Circuit Design
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3-BIT VOLTAGE SCALING D/A CONVERTER WHICH MINIMIZES

THE SWITCHES

Require time for the logic to perform

—° VouT

by by b,
3-to-8 Decoder
:/ o
| IR T T R
o
I y_ o
S
| | | | |
| V4 1 1 1 |
| | | |
| | | |
A
Lo
| | |
s
L
| |
I/ |
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Accuracy Requirements of a \VVoltage Scaling D/A

Find the accuracy requirements for the voltage scaling D/A converter as
a function of the number of bits N if the resistor string is a5 micron wide
polysilicon strip. If the relative accuracy is 2%, what is the largest number
of bits that can be resolved to within £0.5 LSB?

Assume that the ideal voltage to ground across k resistorsis

kR
Vi = NR VRer

The worst case variation in Vi is found by assuming all resistors above

this point in the string are maximum and below this are minimum.
Therefore,

_ KRminV per
~ (2N-k)Rmax + kRmin

VK
The difference between the ideal and worst case voltages s,

Vi VK| _

kR KRmin |
2NR  (2N-k) Rmax + kRmin|

VRrer VREF| B
Assuming that this difference should be less than 0.5 L SB gives,

KR KRmin | 05
oNR (2N-k)Rmax+kRmin| oN

Expressing Rmax as R+0.5AR and Rmin as R-0.5AR and assuming the

worst case occurs midway in the resistor string where k=0.5(2N) and
assuming that 5 micron polysilicon has a 2% relative accuracy gives,

05 0.5(R- 0.5AR) | _|1aR| _1 N
> "0.5(R + 0.5AR) + 0.5(R- 0.5AR)| ~ |4 R| =2
AR 1 _
0 ‘F <oNg oo 0.25(0.02)| <05(2N) O N=6
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R-2R LADDER DAC's

Configuration:
A R B R C R R

VW . W\/ . k\/\/\/ —_— -

2R§ 2R 2R 2R 2R 2R

— il
iVREF
Equivalent circuit at A:
R A
Wy 0
bO VREF p
2 -
Equivalent circuit at B: )
R R R
—AWAMT—S AWy 3
2R +
+ _ bO bl \/
C) bo Vrer y B C) (T"'?) REF
T 2 by Vrer -

Finally, the equivalent circuit at Q:
AWV * M\ Ovout

R Q R
bp ., b1 b Biy-1
) N ot s Tt )VREF
R

sign bltI by
= = Vrer
+

L\

O
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X.3 CHARGE SCALING D/A CONVERTER
Binary weighted capacitor array:

C C C VouTt
2N-2 2N-1 2N-l

—T —T —_T o +

C C
4

C/——\ 2/——\

s N

v r r | capacitor

Operation:
1) During @1, al capacitors are discharged.

2.) During @2, capacitors with bj = 1 are connected to VRer and
capacitors with bj = 0 are grounded.

3.) The resulting output voltage is,

B N-1C  bn-2C/2  bn-3C/4 boc/(z'\"l)mD
VOUT_VREF%JZC t—>5c t T t 7 2C O

If Ceq. is defined as the sum of al capacitances connected to Ve, then

Vout = B¢ H Vrer

r .
N

+ Ceq.

V J— Vout
REF<> 2C-Coq
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Other Versions of the Charge Scaling D/A Converter

Bipolar Operation:

Charge al capacitors to VRer. If by = 1, connect the capacitor to
ground, if bj = 0, connect the capacitor to VREF.

Will require an extra bit to decide whether to connect the capacitors
initially to ground or to VREF.

Four-Quadrant Operation:

If VRer can have xzvaues, then a full, four quadrant DAC can be
obtained.

Multiplying DAC:

If VRerF is an analog signal (sampled and held), then the output is the

product of a digital word and an analog signal and is called a multiplying
DAC (MDAC).
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Influence of Capacitor Ratio Accurcy on No. of Bits

Use the data of Fig.2.4-2 to estimate the number of bits possible for a
charge scaling D/A converter assuming a worst case approach and the
worst conditions occur at the midscale (1 = MSB).

The ideal output of the charge scaling DA converter is,

Vour _ Ceq.
Veee €

The worst case output of the charge scaling DA converter is,

Vour _ Ced (min
VREF %C - Ceq_ amax)*' Ceq_(min)
The difference between the ideal output and the worst case output is,

Vour V'OUT| _|1 Ceq.(min) |
Veer Veee| |27 (2C - Ceq))(max) % Ceq.(min)|

Assuming the worst case condition occurs at midscale, then Ceq, = C

[

Vour V'OUT| _ ‘1 C(min) |

ViRer VREF| T2 C(max) - C(min)|

If Cmax) = C + 0.5AC and C(min) = C - 0.5AC, then setting the
difference between the ideal and worst case to 0.5L SB gives,

0.5(C(max) = C(min)) - C(min)
C(max) + C(min)

< 0.5(1/2N)y
or
1
C(max) - C(min) < 7 (C(max) + C(min))

or

1 acl _ on lac] | 1
ACSZNZCD ‘ZC < 2% 0 ‘C 52N-1

A 50um x 50um unit capacitor gives arelative accuracy of 0.1% and N
= 11 bits. It is more appropriate that the relative accuracy is a function of
N. For example, if AC/C = 0.001 + 0.0001N, then N=9 bits.



Allen and Holberg - CMOS Analog Circuit Design Page X.3-4

Increasing the Number of Bits for a Charge Scaling D/A Converter

Use a capacitive divider. For example, a 13-bit DAC-

LSRArray MSB Array

I's N r N
1.016pF (Attenuating capacitor) - .
I{ VouT
Jir Jor Jor Joor oo Lian b Lo Joe e Dor T |

64pF
| 1pF
0 1 FZ 3 b_4 b5 b6 b_7 8 Fg bl 'Fl b_]_2
bo by, /bo bs, /b be /b7 [bg /by /big |b11 b1 +VRerp

\
]

b 5
NN 7
Vrer
2 +hiCiVRer = & *h Ci VRer
= _ VR= - _—
"L e R i:ze 127
An equivalent circuit-
1 1 _64 _
64 6—1D C—63~1016
|[ o+
I 1l 63 1
1.016pF 64" 64 127 \
== 64pF == 127pF Vour =1 63 1 VR + 1 63 1 v
N N 64" 64 T 127 64" 84 " 127
o ey 127 1
°° T 1VYRY VL
12 5
+biVRerCi +biVREFCi
vz ) BEEEG gy,< ) EEC
i=6 1I=0

or

: E
*V er E biCi
Vout = 128 biCj + _EIE



Allen and Holberg - CMOS Analog Circuit Design Page X.3-5

Removal of the Amplifier Input Capacitance Effects

Use the binary weighted capacitors as the input to a charge amplifier.

Example of A Two-Stage Configuration:

J_ VREF

Il

I\
|0

I(

I\
AO

I

1
N[O

It

I\

@]

[

-

Lo
I
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X.4 - VOLTAGE SCALING-CHARGE SCALING DAC'S

VREF
T .
> Revy
) gl
S =
2 Ry T vaur
/. N\
Ci1 Cy2 C Co
> Rehg S -7 = CTR T
27°C|l  2*?%c
I |

<
I
SN
N
- - -
=~
I
©

J kl)AJ JS(kZ)A : :
Jls(kl)B )S(kz)s )lsls )Sos

W
Y
&
P

Advantages.

* Resistor string is inherently monotonic so the first M bits are
monotonic.

» Can remove voltage threshold offsets.
» Switching both busses A and B removes switch imperfections.

 Can make tradeoffs in performance between the resistors and
capacitors.

» Example with 4 MSB's voltage scaling and 8 LSB's charge scaling:
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Voltage Scaling, Charge Scaling DAC - Cont'd

Operation:

1.) Sk, S, and $S1B through Skp are closed discharging all
capacitors. If the output of the DAC is applied to any circuit having a
nonzero threshold, switch Sg could be connected to this circuit to cance
this threshold effect.

2.) Switch Sgis opened and buses A and B are connected across the
resistor whose lower and upper voltage is V'ggr ad V'gee + 2MVipee
respectively, where

. o b1 b2 bm-1 0
Veegr=Vref M * o1t om2 Tt o1 O

o

N
9]
J
N
O
|

J
N
(@)
||
/1
@]
||
/1
(@]
||
/1

—— N V
> ouT

SRS S S :
Vier O -

2MV Rer

3.) Final step is to determine whether to connect the bottom plates of
the capacitors to bus A (bj=1) or bus B (bj=0).

Ce |

J’(S N 2 M+K-1

Ry N y _ Zb.z-(M+K-|) vV

2V"VREF Ke . Ceq —T— VOUT ouT = I REF
- i=

=0 l
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Charge Scaling, Voltage Scaling DAC
Use capacitors for MSB's and resistors for LSB's
VouT
—————— o
2NIC | 2N-2C 2N-3C VrRer —T-C
« v < A
\
=R
VRer— i
REF Switch network <R
1 =R
MSBs - L SBs
|
|
|
|
=R
=R
_/

* Resistors must be trimmed for absolute accuracy.

. LSB's are monotonic.
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X.5- OTHER TYPES OF D/A CONVERTERS
CHARGE REDISTRIBUTION SERIAL DAC
s, Prechargeto nitiall
ifh ="1" T nitially
VRer \/VREF if by 1 Red;/\ﬁf[lct?]utlon discharge S, Cl=C2
/ J bo=LSB
S3 S1 Sa _
N\ I8 A . J/ b]_ = NLSB
+ + 1
= Cl——=V C2——=V -
Precharge C1 c © .
to ground if | bn = MSB
b ="0" — =

Conversion seguence:

4 Bit D/A Converter

1 5

3/4 1

Vc1/VRer 1/2-
1/4 4

INPUT WORD: 1101

13/16

1 5

3/4 1

Vcol/VRer 1/2-
1/4 4

Comments:

LSB must go first.
n cycles to make an n-bit D-A conversion.
Top plate parasitics add error.
Switch parasitics add error.

Close S V-, =0

Start with LSB first-
Close S, (bo=1): V1= Vger

Vv
Close S;: Vi = % =Vc2
Close S;(b,=0): V=0
VRer

Close S;: Vg, =V =
Close S, (b,=1): V(¢ =Vger

S
Close Si: V¢ =V =g Vrer
13

Close S1: Vi =V =7 Verer
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ALGORITHMIC SERIAL DAC

Pipeline Approach to Implementing a DAC:

12 12
0 —=(3) >
bO
LSB
VREF
le b b [l
— Nl 1 N2 D 0 _-N
VOUT(Z)—%Z—Z 4 27t o7 Veer

where b, =1 or O

Approaches:
1.) Pipelinewith N cascaded stages.
2.) Algorithmic.

bi 1V e
Vout(d) =7 05.-1
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Example of an Algorithmic DAC Operation

Realization using iterative techniques:

A
+ —
VReF (Bit"1") + Sample
s and > °Vout
B h hold
0 o~ | O
(Bit IIO")

N

Assume that the digital word is 11001 in the order of MSB to LSB. The
steps in the conversion are:

1.)Vou7(0) is zeroed.

2.)LSB =1, switch A closed,
Vour(d) = Ve

3.)Next LSB = 0, switch B closed,
Vout(2) =0+ 0.5V
Vour(2) = 0.5V e

4.)Next LSB = 0, switch B closed,
Vour(@) =0+ 0.25V
Vour(3) = 0.25V e

5.)Next LSB =1, switch A closed,
Vour(4) = Vger + (U8)V e
Vout(4) = (98)V ger-

6.) Finaly, the MSB is 1,
switch A isclosed, and
Vout®) = VREF + (9/16)V g
Vout(®) = (25/16)V ger

7.) Findly, the MSB+1 is O (always last cycle),

switch A is closed, and
Vour(6) = (25/32)V ger
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X.6 - CHARACTERIZATION OF ANALOG TO DIGITAL CONVERTERS

General A/D Converter Block Diagram

| X Digita | _
X(t) —= 1 —— Ir,_,_rr Progr y(kTN)

Filtering Sampling Quantization  Digital Coding

A/D Converter Types

1) Seid.
2.) Medium speed.
3.) High speed and high performance.

4.) New converters and techniques.
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Characterization of A/D Converters
Ideal Input-Output Characteristics for a3-bit ADC
_________________________________________ |
|
/o
111+ :
Ideal A/D conversion 7 i
/ I
o 110+ - i
o) ) |
% 101k Normal :
= quantized / |
= value \ ) |
S 100}k (x /2LSB) ~ ldea i
5 / transition I
s / !
=]
5 ol - i
y I
010} i
’ |
p 1LSB | Ideally
001} I quantized
P 1 2 3 4 5 6 7 ' analo
0 /4_8-><-8-><-8-><-8-><-8-><-8-><_8 l inputg
000 ] ] ] ] ] ] ]
lrs 2ps 3rs 4rs Sps 6ps 7F
3 S 3 S 5 S 3 S 5 S 5 S 8 S FS

Normal quantized value (+ LSB)
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Digital output code

Digital output code

111

110t

101}

100t

011t

010}

001}

000

111

110t

101}

100t

011t

010}

001}

000

Page X.6-3

Nonideal Characteristics of A/D Converters

7 |
v Z |
/
| deal > ,
. 4 |
/o
Z |
)/ l
|
-V |
/ / |
/ |
£ |
2 |
1 / 1 1 1 1 1 ]
1Fs 1Fs SFS FS
4 2 4
Analog input value
Offset Error
_________________________ ]
|
|
s
4
l
|
Ided |
|
|
\ |
/ \ :
Nonlinearity |
|
|
|
i
1Fs 1Fs SFS FS
4 2 4

Analog input value
Integral Nonlinearity

Digital output code

Digital output code

111

110t

101+

100 |

011t

010}

001}

000

111

110t

101 f

100

011

010f

001f

000

_________________________ ]
/ 7|
|
7
Gain error A 7 !
/17 |
/ |
71 |
< |
AR |
/ Ideal |
|
!/ i
Vi |
4 :
1 1 1 1 1 1 1 ]
1Fs 1Fs SFS F

4 2 4

Analog input value
Scale factor (gain) error

"""""""""""""""""""""""" /)
/ |
4 |
Ideal I
\ :
T
b
Missed l
Z codesdueto |
7 excessive :
= differential [
; ; I
4 P nonlinearity :
’.
1Fs 1Fs 3Fs F

4 2 4

Analog input value
Differential Nonlinearity
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Sampled Data Aspect of ADC's

S-H command

Output valid for
A/D conversion

Amplitude

Tsample=ts* ta
ta=acquisition time
ts = settling time
tADC =timefor ADC to convert analog input to digital word.

Conversiontime=tg+tg+ tADC.

Noise = kET V2 (rms)
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Vl(t) ) VO(t)

Sample and Hold Circuits
Simple
) RN
V| o yd \\-l'/
—=Cq
Improved
/
B ()
(i N
0 \ Az
A 1 Ve +
V| +
—=Cq
Waveforms
A
Vo(t)
|
g / i
S | _ .
Switch | Switch | Switch
<— closed —'= open > closed —
(sample) i (hold) | (sample)
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X.7 - SERIAL A/D CONVERTERS

Single-Slope, A/D Converter

VIN*

NI

I —
Ramp Vr - — | counter
VRer generator Vi
] I
|
Reset i Output
|
: ;t
0 NT
Interval
counter
A
I
T
(o,
clock

»  Simplicity of operation
e Subject to error in the ramp generator

* Long conversion times
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Page X.7-2

Dual Slope, A/D Converter

Block Diagram:
1
Vi o——""—— .
| Postive
2 >| integrator
-VReFo—/—
|
|
|
|
|
! Digital
control
\
Counter
Operation:

Binary
output

1)) Initially vint = 0 and vjn is sampled and held (Vin* > 0).

2.) Reset by integrating until vint(0) = Vth.

3.) Integrate Vi~ for Nref clock cyclesto get,

N refT

Vint(t1) = vint (NygfT) =K JVin dt + Vint(0) = kNyef TV *+ Vi

0

*

4.) The Carry Output on the counter is used to switch the integrator from V; , to -V REF.

Integrate until vint isequal to Vth resulting in

vint(ta + t2) = vint(t1) + k

*
O KNref TV;p, + Vith - KV geeNoutT= Vi O

NoutT +tq

[-Vrerdt =Vih

t1

*

N
out _
VREF Nref _Vin
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Waveform of the Dual -Slope A/D Converter

* Very accurate method of A/D conversion.

« Requiresalongtime-2(2N) T
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Switched Capacitor Integrators

Noninverting:

I I .

/

o)) / I \cpz I\ +

va(t) _‘R/ % @ ] _-'_ Vo(t)  fsignal << foiock
o o

Operation:

(o,
+

Assume non-overlapping clocks @1 and @. During @1, C1 ischarged to vi[ (n-1) Tj
giving acharge of g1 (n-1) T} on C1. During @2, the charge across C1 is added to the charge
dready on C2 which is g2[ (n-1)T] resulting in a new charge across C2 designated as
g2(nT) . The charge equation can be written as,

Gp(NT) =a[ (1) T} +ag[ (1) T]
or

C2v2( nT) =C2vy [ (n-l) T] +Cqvq [( n-l) T]

Using z-domain notation gives

Covo(z) = C22'1v2(z) + Clz'lvl(z)
or
H _v2(z _Cigzl g
D=V CR -1
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Replacing z by éWT gives,
. C10 ejwl D C eiwl
H(dWT) = 1Y el 1% E

02[1E erTD Cz% erj

_wo D(wT/) O

1
0 if f<<fc==
T o @in(wT2)g | T

exp(-jwT/2 =

€&

Mag. error  Phase error

. dX - gjX
where wg = C1/( TC2) , Sinx = 5
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Magnitude Plots of the Switched Capacitor |ntegrator

_ e
000—2“
wlh 2nf nf 71w
2 T2 Tfc T oe
Log Plot-
10 _ » ‘
T i
(% 2 |
w)(sd"?) |
[H(gx) dB O | N
W=0.50x i
| W ., | -
100.1 0w 1 2 3 45
Mo
Linear Plot-
10 ‘
8:
5|
H(e) :\ ‘((00 %T Y
‘| | lsi)] (o]
B /‘/ wl
2 ‘
- e
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Switched Capacitor Integrators - Cont'd

Inverting:
C1 C2
o /. I |( o
+ ® { ® I\ +
va(t) 0] 0] . Va(t)
o o

By asimilar analysis, one can show that

HEYT) = Jw—(s L iff<<fe=UT

Settling Time and Slew Rate of the Op Amp

Important when the op amp plus feedback circuit has two or more
poles or the op amp has a second pole.

%y
‘ ‘ ‘ !

$2)
/ \ | \ - {

Vout Sew Rate
A -
> {
Settling Time
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X.8-MEDIUM SPEED A/D CONVERTERS

Conversion Time= NT

Successive ApproximationArchitecture:

Conditional
Input gate
; Comparator ‘
:
D/A Output
o—»| Converter register ~— | Shift
Reference register [ Clock
Output
| End of
Start & ¥conversion
Successive Approximation Process:
Vo
A
e — T ——
0.5VRer E
0 2 3 4 5 6 T
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A Voltage-Charge Scaling Successive Approximation ADC

T

R1 /SF
R2 X |
I 2K'1CJ—--- ZCJ— CJ— CJ— fl*
I' > Sa ;g ;E ;E A%
Sren [ | [ Te
$ Rav Capacitor switches  Clock
I o1t
Resistor t Successive approx. register
\VA switches .|  and switch control logic
n <
=15 ¥
(M + K) bit output of A/D  Start
Operation:

1.) With Sk closed, the bottom plates of al capacitors are connected through switch Sg to
Vin®. (Automatically accounts for voltage offsets).

2.) After SFisopened, a successive approximation search among the resistor string taps to
find the resistor segment in which the stored sample lies.

3.) Buses A and B are then connected across this segment and the capacitor bottom plates

are switched in a successive approximation sequence until the comparator input
voltage converges back to the threshold voltage.

Capable of 12-bit monotonic conversion with a DL of +0.5L SB within 50us.
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A Successive Approximation ADC using a Serial DAC

Y ' Data storage
- register
S2 precharge L y A
' : D/A control
Vig S[e)r/lzl <« 3discharge register
r converter | Slchargeshare
(Fig. 10.3-1) - A reset
o— Shift left
St Sequence and Parallel datatransfer
Clock o——»] control logic Shit right
Conversion Sequence:

1) Assumefirst K MSB's have been decided so that,

Digital d= L+ L + ...+ _1 +

2) Assume (K + 1)th MSB is 1 and compare this anadog output with Vin* to
determine ay_k -

3.) Storeay .k inthe DATA storage register and contiune.
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CHARGE REDISTRIBUTION SERIAL DAC

Prechargeto

S fh =" e Initially
Vier C a— VRerifbi="1 Redsll\s/ti?c l?]utlon discharge S,
S 51[ Sa J Cl=C2
» $ N——— bo=LSB
. + + — b]_ = NLSB
= Cl=—/—=V C2=—/—=V -
Precharge C1 c ©
to ground if ) .
b ="0" = = .
bn = MSB
Conversion seguence:
4 Bit D/A Converter
INPUT WORD: 1101
1-
3/44 13/16 Close &4 V2 =0
Vc1/VRrer 1/2- Store with LSB first-
144 Close Sp (bo=1): Vc1=VREF
VREF
5 T 2| I Ll T ES T I8 T Close S]_ VC]_ ) - VC2
Close S3(b1=0): Vc1=0
N Close Sy Ve = Vg = —REF
34- e ose Si: Ve1=Ve2=—
VealVrer 1/2- Close Sp (bp=1): V1 :5VRE|:
U4- Close S1: Vc1=Vez = 8 VREF
———— Close Sp(b3=1): Vci1=VREF

Close S1: Vc1=Ve2 = % VREF
Comments:
e LSB must go first.
* ncyclesto make an n-bit D-A conversion.
» Top plate parasitics add error.
» Switch parasitics add error.
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Seridl ADC Waveform for an Input of (13/16Vref)

Ve1/Vief

Vol Vet

Page X.8-5

A
1 ——— - ———— - - e gp— e - ——
3. I . . I I D O N I O o ==
4
1. N I I I I I ] I B
2
N [ I I I B
4
] ] 1 ] ] ] 1 ] 1 ] ] 1 ;t/T
01201234020 23 4560 23 456 78
A\ e J A\ v J A\ v J
1 bit 2 bits 3 bits 4 bits
A
0 gy g g
3
4 -
1. ] I I - I
2
Y IO I I ] [ DU S R
4
] ] 1 ] 1 ] ] 1 ] 1 ] ] 1 ] ] 1 » t/T
01201 23140 23 4560 23 456 7 8
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A 1-BIT/PIPE PIPELINE A/D CONVERTER

Single Bit/Stage, N-Stage Pipeline Converter

» Converter in 1 clock cycle using storage registers

* Requires N comparators

» Dependent upon passive component linearity

» Canuseeror correcting agorithms and self-calibration techniques

Block Diagram of the 1-Bit/Pipe A/D Architecture

MSB b

* 2 A\
Vin ‘/—Z\ 7

Page X.8-6

LSB

+1

ith stage

hj =+1if Vj-1>0
Vi=2Vj1-biVref  wherely - v 1 <0

Output of the n-th stage can be written as:
\Y k AV EN]E k A Eb b %V
N = iVin - j =0i + DN -Vref
l_l ' DZ O l_l J [ ! O
i=1 O=10=i+1 O O

where Aj and bj are the gain and bit value of the ith stage
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Graphical Examplesillustrating operation

Example 1

3/4
1/2
1/4

-1/4
-1/2
-3/4

B=1

Example 2

3/4
1/2
1/4

-1/4
-1/2
-3/4

B=0

x2 -VREF

34
172 —
/4 X

-1/4 —

-1/2

-3/4 —

-1
B=1

34 —
172 -VREF

1/4 —

X2

-1/4 —

-1/2 —

-3/4

1 —
B=1

3/4
1/2
1/4

-1/4
-1/2
-3/4

3/4
1/2
1/4

-1/4
-1/2
-3/4

X2

+

-VREF

B=0

X2 -VREF

¥

B=0

3/4
1/2
1/4

-1/4
-1/2
-3/4

3/4
1/2
1/4

-1/4
-1/2
-3/4

X2

[

Page X.8-7

x2 +VREF

+VREF

B=1
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IDEAL STAGE PERFORMANCE

Vi Vi1

ith Stage Plot of: =2 Vier

b;

Vief

by, bj41] [10) [11]

1.) bj+1 must change at 0, and £0.5Vef. (when Vij-1=0 and £0.5V e f)
2.) bj must change at Vj=0.
3.) Vj cannot exceed Vyef.

4.) Vj should not be less than Vyef when Vij-1=£Vef.
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IDEAL PERFORMANCE

Example

AssumeVin" = 0.4V and Vyef = 1V

Stagei Input to theith stage, Vij-1 Vij-1>0? Biti
1 0.4 Yes 1
2 2(0.4000)-1 = -0.200 No 0
3 2(-0.200)+1 = +0.600 Yes 1
4 2(+0.600)-1 = +0.200 Yes 1

Results for various values ov Vin.

Vin b(i) v(i+1) b(i+1) v(i+2) b(i+2) v(i+3) b(i+3) v(i+4) b(i+4) v(i+5)
-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

-0.9 -1 -0.8 -1 -0.6 -1 -0.2 -1 0.6 1 0.2
-0.8 -1 -0.6 -1 -0.2 -1 0.6 1 0.2 1 -0.6
-0.7 -1 -0.4 -1 0.2 1 -0.6 -1 -0.2 -1 0.6
-0.6 -1 -0.2 -1 0.6 1 0.2 1 -0.6 -1 -0.2
-0.5 -1 0 1 -1 -1 -1 -1 -1 -1 -1

-0.4 -1 0.2 1 -0.6 -1 -0.2 -1 0.6 1 0.2
-0.3 -1 0.4 1 -0.2 -1 0.6 1 0.2 1 -0.6
-0.2 -1 0.6 1 0.2 1 -0.6 -1 -0.2 -1 0.6
-0.1 -1 0.8 1 0.6 1 0.2 1 -0.6 -1 -0.2

0 1 -1 -1 -1 -1 -1 -1 -1 -1 -1

0.1 1 -0.8 -1 -0.6 -1 -0.2 -1 0.6 1 0.2
0.2 1 -0.6 -1 -0.2 -1 0.6 1 0.2 1 -0.6
0.3 1 -0.4 -1 0.2 1 -0.6 -1 -0.2 -1 0.6
0.4 1 -0.2 -1 0.6 1 0.2 1 -0.6 -1 -0.2
0.5 1 0 1 -1 -1 -1 -1 -1 -1 -1

0.6 1 0.2 1 -0.6 -1 -0.2 -1 0.6 1 0.2
0.7 1 0.4 1 -0.2 -1 0.6 1 0.2 1 -0.6
0.8 1 0.6 1 0.2 1 -0.6 -1 -0.2 -1 0.6
0.9 1 0.8 1 0.6 1 0.2 1 -0.6 -1 -0.2
1 1 1 1 1 1 1 1 1 1 1
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Output Voltage for a4-stage Converter

1

08 | | / i N

06 | L/ AL/

04 | LA sy VaE
/ i
|

o2 b JIL/] Ay
o b/ LWL
o2 by N DAL AL
04t vally [/l
06 EIL AL LT I/ A1 :
s LML /0
a1 Ve / V. /

-1 -0& -0€ -04 -0z 0O 02 04 06 08 1

VIN
(Volts)

Inputs (Volts)
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RESOLUTION LIMITS OF THE 1-BIT/STAGE PIPELINE ADC
1st-Order Errors of The 1-Bit/Stage Pipeline ADC

» Gain magnitude and gain matching (k1)

Offset of the X2 amplifier and the sample/hold (k2)

Comparator offset (k3)

Summer magnitude and gain matching (k4)

Summer offset (k5)

[lustration:

Vi=AjVi-1+VOSi - biAgVref

- orlif Vi-1> k3 =2V OCi
where b = 51if Vj-1 < k3 =+VOCi

Aj = dl gain related errors of the ith stage
VS = system offset errors of the ith stage
VOCi = the comparator offset of theith stage

Ag =the gain of the summing junction of theith stage
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Generdlization of the First-Order Errors

Extending the ith stage first-order errorsto N stages gives.

V k AjV EN-]H A A %/ Vv %
N = iVin + Y OSi + VOSN

|—I Dz [l rl JD 0
i=1 O=10=i+1 O O

IoN [0 0

'VrefDZ O HAjD\sibi + AsNbND

=o' U H

D=10=i+1 O O

Assuming identical errorsin each stage gives.

N |
VN =ANVin+ §(AN-i)VOs - Vref [ (AN1) Aghi[]
i=1 1 [

Assuming only the first stage has errors:

N
VN =A12N-Win + 2NV st - Vier2N-1Asib - Vief » (2N) b
=2

Page X.8-12
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|dentification of Errors

1. Gain Errors

2N(AA/A) <1| O N=10 O % <735

[llustration of gain errors
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|dentification of Errors - Cont'd

2. System Offset Errors

Vref
VOS< 2_N

For N=10 and Vef = 1V, VOS < 1ImV

[llustration of system offset error
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Identification of Errors - Cont'd

3. Summing Gain Error

AAs 1
As “oN

AA 1
For N=10, - < 1024
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|dentification of Errors - Cont'd

4. Comparator Offset Error

The comparator offset error is any nonzero value of the input to a stage where the stage
bit is caused to change. It can be expressed as:

Vi =2Vij-1- bjVref
where

o o+1if Vi-1>VOCi
bi = H1if vi-1 < Vo

[llustration of comparator offset error:
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SUMMARY

1.) The 1-bit/pipe, pipeline converter which uses standard components including a sample
and hold, an amplifier, and a comparator would be capable of realizing at most an 8 or 9 bit
converter.

2.) The accuracy of the gains and offset of the first stage of an N-Bit converter must be
within 0.5L SB.

3.) Theaccuracy of the gainsand offset of a stage diminishes with the remaining number
of stages to the output of the converter.

4.) Error correction and self-calibrating techniques are necessary in order to redlize the
potential resolution capability of the 1-bit/'stage pipeline ADC.
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Cyclic Algorithmic A/D Converter

The output of the ith stage of a pipeline A/D converter is
Voi = (2Vo,i-1- biVREF )z'1

If Voj is stored and feedback to the input, the same stage can be used for the
conversion. The configuration is as follows:

Comparator
Voi

X2 - > .

Sample *1 i +Viet
and = <
hold =4 o—— Vref
Practical implementation:
Comparator

Va
. >+ ;
X2 y A
+ -l - I
ref : VO - lllll

+1 i /
Vo o\ S Ve
Sample >
a.r]d ‘—/ \_/ _i \ VO - IIOII

hold SlI
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Algorithmic ADC - Example

Assumethat Vin" = 0.8VREE. The conversion proceeds as;
1) 0.8VREF issampled and applied to the X2 amplifier by S1.
2.) Vg(0) is 1.6VREF (b1=1) which causes -V REF to be subtracted from V 5(0) giving
Vp(0) = 0.6VREF
3.) Inthe next cycle, Vg(1) is 1.2VREF (b2=1) and Vp(1) is 0.2V REE.
4.) The next cycle givesV g(2) = 0.4V REF (b3=0) and Vn(2) is 0.4V REF.
5.) The next cycle gives V 5(3) = 0.8VREF (b4=0) and V(3) is 0.8VREF.
6.) Finally, Vg(4) = 1.6V REF (b5=1) and Vp(4) = 0.6V REF.

0 Thedigital wordis11001. [  Vanalog= 0.78125VREF.

Va/V REF VbN REF
A

2.0

16}
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Algorithmic A/D Converters-Practical Results

* Only one accurate gain-of-two amplifier required.

» Small arearequirements

» Sow conversion time- nT.

» Errors: Finite op amp gain, input offset voltage, charge injection,

capacitance voltage dependence.

Practical Converter

12 Bits

Differential linearity of 0.019% (0.8LSB)
Integral linearity of 0.034% (1.5LSB)
Sample rate of 4KHz.

Page X.8-20
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SELF-CALIBRATING ADC's

S1
MAINDAC TO SUCCESIVE
cJ_cJ_ CJ_ cJ_ z J_ COME>~—> 1 pPROXIMATION
N 2l el REGISTER
> > >
Vref | 7 l) |\
GND —

- REGISTER

_____ % CALIBRATION ADDER

SUBDAC DAC

DATA REGISTER

SUCCESSIVE CONTROL —
APPROXIMATION LOGIC .
REGISTER D
VsN’ v\VsN—l

DATA OUTPUT

Main ADC isan N-bit charge scaling array.
Sub DAC isan M-bit voltage scaling array.
Calibration DAC isan M+2 hit voltage scaling array.

Thisis an voltage-scaling, charge-scaling A/D converter with (N+M)-  bits resolution.



Allen and Holberg - CMOS Analog Circuit Design Page X.8-22

Sdlf-Calibration Procedure

During calibration cycles, the nonlinearity factors caused by capacitor mismatching are
calibrated and stored in the data register for usein the following normal conversion cycles.
The cdibration procedure begins from MSB by connecting CN to VREF and the

remaining capacitors CN X to GND, then exchange the voltage connection as follows:

. 0 Vx
i

CNn —— —— Cnx CNn—— —— Cnx

fo) _ = (o]
VREE VREF

whereCNX =C1B + C1A + ... + CN-1

Thefina voltage V x after exchanging the voltage connectionsis

CNX -CN
VX = VREFENx+CN

If the capacitor ratioisaccurateand CNX =CN O VX =0,

otherwise Vx # 0. Thisresidual voltage Vx isdigitized by the calibration DAC. Other less
significant bits are calibrated in the same manner.

After dl bits are cdlibrated, the normal successive-agpproximation conversion cycles
occurs. The cdibrated data stored in the data register is converted to an anaog signa by
caibration DAC and is fed to the main DAC by CCAL to compensate the capacitor

mismatching error.
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Self-Cdlibrating ADC Performance

Supply voltage = 5V
Resolution of 16 bits
Linearity of 16 bits
Offset less than 0.25 LSB
Conversion time for 0.5 LSB linearity:
12 usfor 12 Bits
80 psfor 16 Bits.
RMS noise of 40 pV.
Power dissipation of 20 mW (excludes logic)

Areaof 7.5 mm (excludeslogic).
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X.9-HIGH SPEED ADC's

Conversion Time=T (T = clock period)
* Hashor parald

» Timeinterleaving

* Pipeline - Multiple Bits

* Pipeline- Single Bit
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FLASH A/D CONVERTER

VRer Vi = 0.7Vrer
o
1
%VREF > + 1
>R -
§V N +
g v REF ) 1
SR ;
gVREF > + 0
=R - Digital
4 S decoding
8VREF 1 * O | network
=R ;
gVREF ) + 0
<R )
2
—8VREF S + 0
SR ;
1
g VREF > + 0
3" '

Fast conversion time, one clock cycle

Requires 2N-1 comparators

Maximum practical bitsis 6 or less

6 bitsat 10 MHz is practical

Page X.9-2
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Time-Interleaved A/D Converter Array

Use medium speed, high bit convertersin parallel.

P
> SH > N-bit A/D
4
> SH > N-bit A/D
V.
" No X Digital
| j word
l ' out
*TM l
> S/H > N-bit A/D
A/D Converter No.1 .
.A/D Converter No.2 l .
i A/D Converter NoM : _
T1 T2 Tm Ti+Tc T2+ Tc v+ Tc t
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Relative die size

320

160

80

Relative Die Size vs. Number of Bits

Succ. Approx.
Array

40 (m- WAY)

: :
20 !

q :
10}

4 5 6 7 8 5

# of bits
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2M-BIT, PARALLEL-CASCADE ADC

» Compromise between speed and area

Page X.9-5

e 8-bit, 1M Hz.
Gain=2M
* + R
Vin© @ > Vin
- 4
Vref Vref
+ +
— - I 4 ) W o
= 3 = >
l—1] - M1 -
= ¥ Digital = h
decoding
< I network < I
| > | >
5 L N PN 5
\ - A~ = DA |\N
. [Converter
y y
oM _ 1 M MSB's oM _ 1
equal equal
resistors resistors
and and
comparators comparators

Digital
decoding
network

\ \
M LSB's
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Conversion of Digital back to Analog for Pipeline Architectures

Use XOR gates to connect to the appropriate point in the resistor divider resulting in the

anal og output corresponding to the digital outpuit.

Vref *
Analog © Vip®
Qut ' |
é + | 1
¢ MN— -
JTL /T T\ OGC
S + 1
P M _
JTL N /T 1: i@
= > o
1T
T A A 0@(:
= n 0
1T
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X.10 - OVERSAMPED (A-Y) A/D CONVERTER

NYQUIST VERSUS OVERSAMPLED A/D CONVERTERS
Oversampling A/D converters use a sampling clock frequency(fs) much higher than the

Nyquist rate(fN).
Conventional Nyquist ADC Block Diagram:

O [\ [ L [ ek e
Filtering Sampling Quantization Digital Coding
Oversampling ADC Block Diagram

X(t) — : - __ /_ ~| Modulator - Delgiilfpear‘ﬁon L o y(KTN)
Filtering Sampling Quantization Digital Coding

The anti-aliasing filter at the input stage limits the bandwidth of the input signal and
prevents the possible aliasing of the following sampling step. The modulator pushes the
quantization noise to the higher frequency and leaves only a small fraction of noise energy
inthe signa band. A digital low passfilter cuts off the high frequency quantization noise.
Therefore, the signal to noiseratio isincreased.
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ANTI-ALIASING FILTER
The anti-aliasing filter of an oversampling ADC requires less effort than that of a

conventional ADC. The frequency response of the anti-aliasing filter for the conventional

ADC is sharper than the oversampling ADC.
Conventional ADC's Anti-Aliasing Filter

A
fB
: > f
fN/2 fSZfN
Oversampling ADC's Anti-Aliasing Filter
A
fg
T Y T > f
fN/2 fN f5/2 fS

fB : Signa Bandwidth
fN : Nyquist Frequency, f = 2fg
fs : Sampling Frequency and usualy fg >>fy

fs
"N

So the analog anti-aliasing filter of an oversampling ADC isless expensive than the

conventional ADC. If M issufficiently large, the analog anti-aliasing filter issimply an RC
filter.

M : Oversampling ratio,
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QUANTIZATION

Conventional ADC's Quantization

The resolution of conventional ADCsis determined by the relative accuracy of their
analog components. For a higher resolution, self-calibration technique can be adopted to

enhance the matching accuracy.
Multilevel Quantizer:

output (y)
y

i
/

ideal curve
/

= input (X
= put (x)

e

NN NN,
TNTNLN YN

The quantized signa y can be represented by
y=Gx+e
where,
G=ganof ADC, normaly =1
e = quantization error
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Conventional ADC's Quantization - Cont'd
The mean square value of quantization error, €, is
A2
A2

1
2 =% [ex)2dx =55
mSA A 12

where

A = the quantization level of an ADC (typically VI;,\,EF)

When a quantized signal is sampled at fs (= 1/1), al of its noise power foldsinto the
frequency band from O to fg/2. If the noise power is white, then the spectral density of the
sampled noiseis
P D1/2
E(f) = erms%g% = ems V2T

where
1=Ufg and fg=sampling frequency

The inband noise energy ng is

fg

2
2  #BO &ms

2 _ [ 2205y = o2 _
No = {) ES(N)df = s (21BT) = €mg Fsg ™
_ Crms

The oversampling ratio M = ﬁ

Therefore, each doubling of the sampling frequency decreases the in-band noise
energy by 3 dB, and increases the resolution by 0.5 bit. Thisis not avery efficient method
of reducing the inband noise.
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OVERSAMPLING ADC

fg fo
\ A A
on T SA LOW-PASS|  2fg
analog _— | » | DECIMATOR L -
Input MODULATOR FILTER dFu)% 't\il

Oversampling ADCs consist of a Y A modulator, a decimator (down-sampler), and
adigital low passfilter.

> A modulator

Also caled the noise shaper because it can shape the quantization noise and push
majority of the noise to high frequency band. It modulates the analog input signal to a
simple digital code, normally is one bit, using a sampling rate much higher the Nyquist
rate.

Decimator

Also called the down-sampler because it down samples the high frequency
modulator output into alow frequency outpuit.

L ow-pass filter

Usedigital low passfilter to cut off the high frequency quantization noise and
preserve the input signal.
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First Order > A Modulator

Sigma-Delta (3 A) Modulator

Page X.10-6

The open loop quantizer in aconventional ADC can be modified by adding a closed
loop to become a Y A modulator.

fs
X(t) - Integrator > A/D > Yi
D/A |=
M odulator Output
input signal N
— modul ator
S output
[}
g N
= | i
<EE N f
\ I
0 0.5 1

Time (ms)
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First-Order Y A Modulator

—— D@ Deley (1@ - Yn
P
Ry
Accumulator Quantizer
Yn=Wn+eén
1)
Wn+1=9n+tWn=Xn-Ynt+Wn
=Xpn -(Wn + €n) + Wn=Xn - €n
)

Therefore, wn = Xp-1 - €n-1, which when substituted into (1) gives
Yn=Xn-1%(en-en-1)

The output of 3 A modulator yn is the input signal delayed by one clock cycle xp-1,
plus the quantization noise difference e, - en-1. The modulation noise spectrum density of

en-en-1is

; il 1l
NG = E()|1- 271 = E(f)|1-e-JwT| = 2E(f) sin%;—% = 2erms\[ 2t sin%*z’—g

Plot of Noise Spectrum
2 _

15

i signal baseband

N(f)/E(f)

05

(@]

-

[us]
NlG"

Frequency
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First Order > A Modulator-Cont’d
The noise power in the signal band is

g

& T2
0
- £|N(f)|2df - J&%erms\/ﬁ sin%*zf% df
0

J @erms\/g (T[fT)%2 df

0
%‘)—D EALin P iy ~
where sin sin 2fan sin dso ™ T T
if fg>>f
Therefore,
f
B T[2 3
(2tfp)
2 rms
nt = (203 erms(fjf df =
where, fg>>fpg
Thus,

Tt m ...
No = ermsﬁ %fBTg/Z = ermsﬁ M 3/2

Each doubling of the oversampling ratio reduces the modulation noise by 9 dB and
increase the resolution by 1.5 hits.
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Oversampling Ratio Required for a First-Order A3 Modulator
A block diagram for afirst-order, sigma-delta modulator is shown in the z-domain.
Find the magnitude of the output spectral noise with V|N(z) = 0 and determine the

bandwidth of a 10-bit analog-to-digital

converter if the sampling frequency, fs, A =rms value of
is10 MHz. V12  quantization

noise
+
Solution Vin(2) + 1 + Vou(2)
Z_

1
Vout(2) = erms * Ez,_lg[Vin(Z) - -

Vout(2)]
or

=

-1 ,
Vout(2) = gz_g ermsif Vin(@ =0 - Vout(@ = (1-z1)erms

- . Lot 2 . Lot
IN()| = E(f) FiL - efotd = 26f) sn%*z’—g - 2\/% erms sn%*z’—g

The noise power isfound as

fB
e [ 2
ne(f) = (f)|N(f)| df = JDE?\/;ermS%sn e
0

it
Let sn%%gzmT if fs>> fg. Therefore,

fg
2 2 s 2 [B®
no(f) = 4%25Berms ()2 (J) f2 df =3—eims HsH

or

8
no(f) =°\/3 T™erms HsH =10
Solving for fB/fs gives (using A in e,,g termis equal to VREF)

B myI2V30 1 (F°
fS — mv8 m 02107
fB = 0.007576-10MHz = 75.76kHz.

=[0.659x10-3]2/3 = 0.007576
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Decimator (down-sampling)

The one-bit output from the > A modulator is at very high frequency, so we need a
decimator (or down sampler) to reduce the frequency before going to the digital filter.

fs fp
y
f YA LOW-PASS 2fg
andlog_® DECIMATOR | .
Input MODULATOR FILTER | digital
PCM
Removes the Removes the
modulation noise out-of-band
components
of the signal
from modul ator to low-passfilter
B ——— + -
Xn yn
REGISTER
fs
N fs N
Yn =y z Xn ,whereN = D - down-sampling ratio
N=0

The transfer function of decimator is

N-1
H(Z) = % :% .zoz'i =
i=

1-zN
1-71

(o = ST
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Frequency Spectrum of the Decimator

- sinc(TfNt
(el = 21T
sinc(TiT)
10
0] oo Quantization Noise
Signal
Bandwidth
-10
%)
S
L -20
=
i=
g -30
-40 /
//
D Frequency —25

fD = intermediate decimation frequency
When the modulation noise is sampled at fp, its componentsin the vicinity of fp
and the harmonics of fp fold into the signal band. Therefore, the zeros of the decimation
filter must be placed at these frequencies.
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Page X.10-12
Digital Lowpass Filter
fs fo
Y \ y
— SA LOW-PASS|  2fg
analog _~ || DECIMATOR | -
Input MODULATOR FILTER dFi%ital
M

FIR or IIR digital low passfilter

10

Magnitude (dB)
¢
=

-11 : (

4000 Frequency (Hz)
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After Diqital Low Pass Filtering

0
~ -50[
m
=
[}
o
2
'€ -150
g
-100[ guantization noise
1
0 Frequency (Hz) 1000
Bit resolution
From the frequency response of above d_i agram, the signal-to-noise ratio (SNR)
SNR = 10l0g10 ]C;‘La' (dB)
z noise(f)
f=0
and

SNR(db)

Bit resolution (B) = 60B
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System block in time domain and frequency domain

digital
PCM

2fg

—

FILTER \ igi
Frequency

LOW-PASS

[ »| DECIMATO

Frequency

fs
Time

SA

anal og fB

/' nput MODULATOR 7
Time
Frequency
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Second-Order Y A Modulator

Xn

+z

Page X

10-15

Second order Y A modulator can be implemented by cascading two first order Y A
modulators.

A

DELAY

INTEGRATOR 1

INTEGRATOR 2

Yn=Xn-1+(en- 2en-1+en-2)

QUANTIZER

The output of a second order Y A modualtor yn isthe input signal delayed by one
clock cycle xp-1, plus the quantization noise difference en - 2en-1 + en-2. The modulation
noise spectrum density of en - 2en-1 + en-2 is

. 0
N() = E0)|1- 21 2 = |1 - edoon| 2 = aeqr sinZ%*ZEE

Noise Spectrum

N(f)/E(f)

4

signal baseband

2nd order N(f)

first order N(f)

Frequency
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Second-Order YA Modulator- Cond’d

The noise power in the signal band is
2 A2 2 A
TE TE T
No=e |\/|-5/2:\/7 M-52= — M52 fc>>¢
0= erms_ = 2\/5 2\/1—5( ) s-~To

Each doubling of the oversampling ratio reduces the modulation noise by 15 dB and
increase the resolution by 2.5 bits.

Higher-Order > —A Modulators
Let L = the number of loops. The spectral density of the modulation can be written

0 iy
INLO)= erms V2t E@sin%*ﬂmu

02 M
Thermsnoisein thesignal band is given approximately by
No = &ms o= \/Tl (2fg) L+05

Thisnoisefalls 3(2L+1) dB for every doubling of the sampling rate providing L+0.5 extra
bits.

as

Decimation Filter

inc(fNT)H+1
A filter function of MQ— is close to being optimum for decimating the
sinc(mft) [

signal from an Lth-order A—2 modulator.

Stability

For orders greater than 2, the loop can become unstable. Loop configuration must
be used that provide stability for order greater than two.
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The modulation noise spectral density of a second-order, 1-bit AX
modulator is given as

4A 2 . [
o=\ fE

where A is the signal level out of the 1-bit quantizer and f5 = (1/1) = the

sampling frequency and is 10MHz. Find the signal bandwidth, fB, in Hz if
the modulator is to be used in an 18 bit oversampled ADC. Be sure to state
any assumption you use in working this problem.
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Circuit Implementation of A Second Order S A Modulator

VRer
T h~— Vker
T 12 T 1152
/SZC 3 1| /Sé 3 1
1 1
S1 Y S1 4
0—/—.—| - —O—|
IN ; 0 OUT
St 3 = 3 | =
o1 4 S| o |
2 \s3 I \s> \s3 I
||C2 J_ “CZ
) ) Vv
4'/_ REF

N
~—— VREF

Fully differential, switched-capacitor integrators can reduce charge injection effect.

Circuit Tolerance of a Second Order > A Modulator
1. 20% variation of C1/C2 has only aminor impact on performance.
2. The Op Amp gain should be comparable to the oversampling ratio.
3. The unity-gain bandwidth of Op Amp should be at least an order
of magnitude greater than the sampling rate.
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SOURCES OF ERRORS IN 2 A A/D CONVERTERS

1. Quantization in time and amplitude
Jitter and hysteresis
2. Linear Errors
Gain and delay
3. Nonlinear Errors

Harmonic distortion
Thermal noise
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Comparison of the Various Examples Discussed
Type of No.of [No.of |Dependent |Resolu-| Speed |INL/DNL | Area | Power
Converter | Cycles | Compar [ on Passive |tion (LSB's) (mW)
Conver- | ators Components
sion
Flash 1 2N-1 Yes Low High N/A Largest | Largest
Two-Step 2 31 Yes 10bits | 5Ms/s | +3+06 | 9% | 350
Flash mils?
o 1 after _ 3600
Pipdine initial 3 Yes 13 bits | 250ks/s | £1.5/+0.5| (|2 15
delay
Oversampl-| g4 3 Yes 16bits | 24kHz | 91dB | 723K | 110
ing mils?
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X.11 -FUNDAMENTAL LIMITS OF SAMPLING A/D
CONVERTERS

kT/C Noise

Assume that the ON resistance of a switch is R and the sampling
capacitor is C and that the time to charge the capacitor fully is

1
T=7 =10RC (1)

O VrefO
Set the value of the LSB %: 2r—,\e|f|5 egual to KT/C noise of the switch,

Vief KT
N SNT (2)

Solve for C of (1) and substitute into (2) to get

Vel Vref
oot = 10KTRfe O 2Naffc = 3
02N O ¢ ¢ T J10kRT (3)

Taking the log of both sides of (3) gives
N =-1.67 log(fc) + 3.3 log(Vref) - 1.67 log(10kRT)

or

N =32.2 + 3.33 IOg(Vref) - 1.67 IOg(Rfc)

(At room temperature)

KT/C Noise

Comparison of high-performance, monolithic A/D converters in terms
of resolution versus sampling frequency with fundamental limits due to
KT/C noise superimposed.
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Fundamental Limits of Sampling A/D Converters - Continued
Maximum Sample Rate

Assume that the maximum sample rate is determined by the time
required for the amplifiers and/or sample-hold circuits to settle with the
desired accuracy for high resolution. Further assume that the dynamics of
these circuits can be modeled by a second-order system with a transfer
function of

A(s) wWn?
A(0) ~ s2 + 2lwns + wn2

If wn = GB of the circuit and if the system is underdamped, then the step
responseis given as

Vo(t) B Le-(GBtO 5
AQQ) - 1- g\/l:D sind/1-22 GBt + @F

This response looks like the following,
2 I~

1.5

If we define the error (x€) in vg settling to A(0) as the multiplier of the
sinusoid, then an expression for the settling time can be derived as

1 0 e(GBt O 1 21{GB

s=omiee "I gen U et T o1
&V1-20
For reasonable values of {, fsample can be approximated as

nGB _ GB
fsample~ 10 ~ 3
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Aperature Uncertainty (Jitter)

A problem in all clocked or sampled A/D converters.

Page X.11-3

Vin
A
Clock
Analog-to- . AV
Analog dlgltal DIgIta' {\
In T converter Out f — Slope = %‘t“
» 1
—» AT (e
dvin
AV =dopex AT = ot AT
Vyef/2N
AT = Aperature uncertainty = dA\X - = d\r/eifn/dt
dt
Assume that vin(t) = Vp sin wt
rovinQ
Odt 0 =wVp
max
_ Vref 1 Vigg 1
AT = 2N X (A)Vp - ZN(JL)Vref 2N
Therefore, AT = 1 __1
’ —2rf2N T mf2N+1
Suppose f = 100kHz and N = 8, AT = m = 6.22ns
6.22ns 622ppm

Clock accuracy = 10.000ns -~ 0-06% = ——
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X.12 - SUMMARY OF A/D CONVERTERS

Typical Performance Characteristics

A/D Architecture

Typica Performance Characteristics

Seridl 1-100 conversions/sec., 12-14 bit accuracy,
1 _ ONT requires no element-matching, a stable voltage
fc — reference is necessary
Successive 10,000-100,000 conversions/sec., 8-10 hits of
Approximation untrimmed or uncalibrated accuracy, 12-14 bits
1 NT of trimmed or calibrated accuracy
fo ~
High Speed 1 to 40 megaconversions/sec., 7-9 bits of
T e 1 <NT accuracy, 10-12 hits of accuracy with error
fc correction and other techniques

Oversampling

8,000-600,000 conversions/sec., 12-16 bits
accuracy, requires linear integrators but no

1 T precision passive components, minimizes noise
fc and offsets
Conclusions

* Thebest A/D converter depends upon the application

* Both resolution and speed are ultimately limited by the accuracy of the

process

* High resolution A/D's will be more oriented toward "signal averaging"
type converters, particularly with shorter channel Iengths
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